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“To be clear, an ecosystem is a community of animals and plants inter-
acting with one another and with their physical environment. People are 
part of the ecosystem.” 
M. T. Barbour 
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Glossary and Abbreviations 
ASSESS-HKH: Development of an Assessment system to evaluate the ecological 
status of rivers in the Hindu Kush-Himalaya region. The project was funded by 
the European commission (contract number: INCO-CT-2005_003659). The 
objectives of the project were the development of tools for river monitoring with 
benthic macroinvertebrates. 
CCA: Canonical Correspondence Analysis. Ordination method assuming a unimodal 
(bell-shaped) response of taxa over environmental parameters. CCA is a mul-
tiple regression method constraining biota samples on the observed environ-
mental parameters. 
Eigenvalue: Value that expresses the explanation shares of ordination axis or an en-
vironmental parameter in partial Canonical Correspondence Analysis (pCCA) 
to the total variability. 
Ecosystem health: The term relates to ecosystem function. A healthy ecosystem 
contains a community which environment is not affected by anthropogenic ac-
tivities. 
EPT: Comprises benthic macroinvertebrates taxa of Ephemeroptera, Plecoptera and 
Trichoptera taxa. The abbreviation is often used in benthic macroinvertebrates 
related topics. 
HKH region: Hindu Kush-Himalaya region. This thesis investigated the HKH coun-
tries Bangladesh, Bhutan, Nepal, India and Pakistan. The term HKH region is 
used synonymous for these five countries. 
Integrative: To represent integration (integration: lat. integratio: to form a whole from 
differentiated). 
Integrative assessment of rivers: Integrative assessment of rivers uses the biological 
community living in the river, e.g. the community of benthic macroinvertebrates 
to evaluate river health. The community integrates and indicates the impacts 
of many different stressor types on the ecosystem, such as organic pollution, 
eutrophication, hydromorphological degradation and land-use in the catchment 
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area. The composition and the attributes of the community under reference 
condition serve as calibration for the assessment of other river sites. In this 
thesis the term “ecological river assessment” is synonymously used for inte-
grative assessment of rivers. 
Metric: Metrics are biological “attributes” which are firmly routed in sound ecological 
principles (Barbour et al. 1995). Metrics combine ecological functions or eco-
logical demands that a group of taxa share, e.g. the same substrate 
preference, or comparable resistance to pollution. Metric values, e.g. number 
of “stone dwelling animals (“Lithal”)” or “number of Oligochaeta” can be used 
to describe and evaluate ecological processes. In terms of river assessment a 
metric is characteristically responsive to river degradation, and its alteration 
due to increased human influence is predictable and measureable. 
Monte Carlo Permutations test: The null hypothesis assumes that the response of 
taxa is independent of the environmental parameters. Monte Carlo Permuta-
tions tests this hypothesis by randomly assigning (shuffling) the species com-
positions to the observed environmental parameters. The results of the test 
are compared with the “real” situation, and test statistics are calculated 
(Jongman et al. 2004). 
Multimetric index: A multimetric index integrates the information of most suited met-
rics (core metrics) into a single value (index). By using many metrics (mul-
timetric) the cumulative impacts of anthropogenic activities on the biological 
community are considered (e.g. organic pollution, eutrophication, hydromor-
phological degradation and land-use in the catchment area). The index of a 
certain sampling site is compared with the index under reference conditions. 
The deviation of the observed index from the reference index can be cali-
brated to a river quality class. 
PCA: Principal Component Analysis. An ordination method where straight lines are 
supposed to best describe the variability along the ordination axes. PCA re-
duces redundant information in the data set as it calculates new axis (principal 
components), which summarize and show as much information as possible. 
Simultaneously, it detects the most important gradients of environmental pa-
rameters, reflected by the parameters arrow lengths in the ordination plot. 
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pCCA: partial CCA. The effects of several explanatory parameters (i.e. environmental 
parameters) are separated. The pCCA calculates the univariate regressions 
on each of the explanatory parameter. 
Reference condition: A river stretch which is not affected by anthropogenic activities. 
River quality assessment: River quality assessment evaluates the impacts of anthro-
pogenic activities on the river ecosystem. The strength of the impacts depends 
on the exposure time and the intensity of a certain stressor. Quality 
assessment of a particular river stretch is conducted with respect to reference 
conditions. The degree of deviation from reference condition may be 
expressed as river quality class. 
Stressor: Stressors are environmental parameters describing anthropogenic activi-
ties, and their increase or decrease lead to river deterioration. Different stress-
ors may be summarized to a certain stressor type (Table 15). The thesis on 
hand investigates the four stressor types eutrophication, organic pollution, hy-
dromorphological degradation and land-use in the catchment. 
T-value biplot: A t-value biplot is a figure containing arrows for the species and sym-
bols for the environmental parameters. It is used to reveal statistically signifi-
cant pair-wise relationships between species and environmental parameters 
(i.e. which taxon depend on which environmental parameter). Using the biplot 
projections, one approximates the t-values of the regression coefficients (de-
rived from the CCA) with the taxon acting as a response variable and all the 
environmental parameters as predictors. A t-value larger than two is assumed 
to be a critical value indicating significant relations between taxa and the envi-
ronmental variable. This threshold value is displayed by the t-value biplot. 
Taxa that are positively correlated with environmental parameters are 
enclosed by the circle (Ter Braak & Smilauer 2002). 
 
State-of-the-art 
About 500 million people in South Asia depend directly on the abundant water from 
the mountainous rivers of the Hindu Kush-Himalaya. The rivers provide water for irri-
gation, drinking, household, municipal water use, industrial activities, and more than 
in other regions of the world dominate the religious and cultural life of the society. In 
spite of the integral role of water for the economic well-being of the area, rivers are 
under tremendous pressures; additionally monitoring of rivers and sustainable water 
uses are underdeveloped. In the Hindu Kush-Himalaya countries, approximately 20% 
of all deaths among children under five years of age is caused by water borne dis-
eases (data for the year 2000, WHO 2008). 
According to the current State of the Environment reports (SOE) from the investi-
gated Hindu Kush-Himalaya countries Bangladesh, Bhutan, India, Nepal and Paki-
stan river deterioration derives from four major factors: 
1. Waste: Sources are hazardous waste, industrial effluents, domestic effluents, 
agriculture effluents, solid waste, seaports-oil and lube spillage, and salinity 
intrusion. 
2. Land-use: Main problems are rapid urbanisation, increase in slums, increase 
in industrial activities, and intensive use of agriculture land. 
3. Damming/Impoundment: Problems related to irrigation and hydropower 
production. 
4. Climate change: Global warming may lead to glacial lake outburst floods. 
(SOE Nepal 2001, SOE Bangladesh 2002, SOE India 2002, PCRWR Pakistan 2002, 
SOE Bhutan 2004, and ICIMOD/ASSESS-HKH 2005) (Figure 1) 
Of the aforementioned factors the most important stressors in topical areas are efflu-
ent of domestic discharge, untreated industrial and municipal discharges, and runoff 
pollution from agriculture (Central Pollution Control Board 2003a, 2003b, 
SAWAN 2005, Sharma et al. 2005, Hoffmann & Shrestha 2008). Consequently, 
current lack of adequate supply of clean and potable water is a severe problem in the 
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Hindu Kush-Himalaya region leading to impacts on human health and economic 
development (Hutton 2001, World Bank 2006). 
However, all of the governments of Bangladesh, Bhutan, India, Nepal and Pakistan 
implemented or are currently planning to adopt water quality standards, national 
water development and management plans. A list of most important measures fol-
lows: Bangladesh: National Fisheries Policies 1998, Environment Conservation Act 
1998, The National Policy for Safe Water Supply and Sanitation 1998, Environment 
Court ACT 2000. Source: SOE Bangladesh 2002. Bhutan: Environmental Assess-
ment Act 2000, Environmental Clearance and Environmental Assessment Strategic 
2002, Environment Discharge Standard 2004, Source: RGOB 2000, 2002, 2004a, 
2004b. India: National Conservation Plan – the Ganga and the Yamuna Rivers 1995, 
Municipal Waste Rules 1999, National Water Policy 2002. Source: MOWR 2000, 
Central Pollution Control Board 2003a, 2003b. Nepal: Water Supply Corporation Act 
1989, Drinking Water Regulation 1998, Nepal Water Resources Strategy 2002, Irri-
gation regulation 2003, National Water Plan 2005. Source: DWSS 2002, GON/UNDP 
2002, MWR/WEC 2005. Pakistan: Environmental Protection Act 1997, National 
Environmental Quality Standards and Rules 2000, Source: PCRWR 2002, Kahlown 
& Azam 2004. 
The requirements for water quality monitoring differ considerably between the coun-
tries. In Bangladesh the national standard for inland surface water is defined through 
physical, chemical and bacteriological parameters, pH, biological oxygen demand 
(BOD), dissolved oxygen (DO) and total coliform counts. In addition standards for 
sewage discharges, standards for waste from industrial projects and standards for 
drinking water quality exist, all based on abiotic parameters (Pradhan et al. 2005). 
Bhutan has no national standard for inland water, but does have drinking water stan-
dards and discharge standards for industry. The latter standards derive from physi-
cal, chemical and bacteriological parameters (Pradhan et al. 2005). In India the na-
tional standard of inland waters is assessed through pH, BOD, DO and total coliform 
counts. Furthermore there exist standards for sewage discharge, waste from indus-
trial projects and drinking water quality which are defined through abiotic parameters 
(Pradhan et al. 2005). In addition the Central Pollution Control Board under the Minis-
try of Environment and Forest of India regularly conducts biological monitoring with 
focus on saprobity indicating organism. The assessment is based on the Biological 
Monitoring Party (BMWP) and the Average Score per Taxon (ASPT) (Armitage et al. 
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1983), and adapted to benthic macroinvertebrates of Indian rivers. Nepal has no na-
tional standard for inland surface water nor has it officially adopted any drinking water 
quality standard. However the National Task Force on Drinking Water Quality Stan-
dards (2005) proposes a number of physical, chemical and microbiological parame-
ters for drinking water quality standards (state 2005) (Pradhan et al. 2005). Unlike 
this proposal, Nepalese scientists explored riverine ecology and developed a biologi-
cal monitoring tool for Nepalese rivers and the Ganga river systems, also based on 
the BMWP and the ASPT (Sharma & Moog 2005, Nesemann et al. 2007). Pakistan 
has not adopted any national water quality standards. Currently, the Pakistan Council 
of Research in Water Resources has drafted physical, chemical and bacteriological 
standards for drinking water quality (state 2005). Since 2001 a national water quality 
monitoring programme investigates a net of rivers and observes physical, chemical 
and bacteriological parameters (Pradhan et al. 2005). Recently, Qadir & Malik (2009) 
developed a multimetric index based on fish to assess ecological river quality in riv-
ers of Pakistan. 
Thus, in the represented countries river assessment procedures, if implemented at 
all, mainly comprise measurements of physical and chemical parameters, pollutants, 
toxic substances, partly bacteriological parameters, and occasional biological moni-
toring with main emphasis on indicators of organic pollution. But, taking merely 
measurements of abiotic parameters to assess river quality has several disadvan-
tages, and do not wholly reflect river health: 
 Chemical and physical parameters are not the only parameters on which 
the health of the ecosystem depends. 
 In terms of river quality assessment the interpretation of physical and 
chemical analysis is difficult. 
 The measured value only reflects the situation of the river at a single loca-
tion and at a particular time. 
 Pollutants may interact and hence their impact may be strengthened. 
 It is impossible to develop and apply analytical methods for each pollutant. 
 Many pollutants which are not or not regularly monitored may still be of 
ecological significance. 
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 The carrying out of physical and chemical measurements is expensive in 
terms of the equipment needed and number of analysis needed to achieve 
reliable results. 
(Resh 1995, Karr & Chu 1999, Dudgeon 2003) 
In contrast to the previously listed monitoring methods benthic macroinvertebrates as 
bioindicators provide a more comprehensive estimate and are a valuable addition of 
conventional monitoring programmes. Benthic macroinvertebrates have long been 
used for quality assessment, thus spawning a variety of biological monitoring tools 
(Hellawell 1986, Cairns & Pratt 1993, Rosenberg & Resh 1993, Davis & Simon 1995, 
Karr & Chu 1999, Birk & Hering 2002, Hodkinson & Jackson 2005). Biological moni-
toring tools have various advantages: 
 The community parameters of benthic macroinvertebrates (metrics) have 
a strong linkage to quality and intensity of various stressors. 
 The benthic macroinvertebrate community provide reliable and relevant 
signals about the biological effects of human activities. 
 The benthic macroinvertebrate community integrates the effects of stress-
ors over time. 
 Costs to implement monitoring programmes are low compared to physical 
and chemical monitoring programmes. 
(Resh 1995, Dudgeon 2003, Barbour et al. 2004) 
The basis for the development of biological assessment tools is the knowledge about 
ecological processes in rivers, e.g. about ecological demands of benthic macroin-
vertebrate taxa; especially if focusing on an integrative assessment of river ecosys-
tems. Currently this knowledge is incomplete in the Hindu Kush-Himalaya region. 
Suitable information focus only on either saprobic classifications, and in addition is 
limited to India and Nepal (Central Pollution Control Board 1999, 
Sharma & Moog 2005, Nesemann et al. 2007), or feeding habits of several benthic 
macroinvertebrates (summaries in Dudgeon 1999, Yule & Sen 2004). 
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Figure 1a-p: Stressors of river ecosystems in the Hindu Kush-Himalaya region (exam-
ples from India). Date: Post-monsoon 2005, pre-monsoon 2006. Photos: Thomas 
Korte. 
 Stressor types 
 
Organic pollution 
 
Eutrophication 
 
Hydromorphological degradation 
 
Land-use of the catchment 
 
 
Objectives and Scope of the Thesis 
This thesis deals with the benthic macroinvertebrates of the rivers in the Hindu Kush-
Himalaya located in Bangladesh, Bhutan, India, Nepal and Pakistan. It has two ob-
jectives. The thesis aims at expanding the knowledge on ecological preferences of 
benthic macroinvertebrates in the rivers of the Hindu Kush-Himalaya region as back-
ground information for their usage as bioindicators. Second, it aims to develop a bio-
logical monitoring tool for integrative river ecosystem assessment based on benthic 
macroinvertebrates. 
Chapter 1 investigates the autecology of benthic macroinvertebrates in the rivers of 
the Hindu Kush-Himalaya region, in particular their substrate and current prefer-
ences. For selected taxa substrate and current preferences are further described 
through the development of a 20 point system. Metrics are developed which are suit-
able to detect hydromorphological impacts on river ecosystems. 
Chapter 2 describes the development of a multimetric index assessment system to 
evaluate the ecological status of rivers in the Hindu Kush-Himalaya region using 
benthic macroinvertebrates. The procedure mainly follows the principals explained by 
Hering et al. (2006a). 
 
 
1 Substrate and Current Preferences of Benthic 
Macroinvertebrates as Impact Indicators of Hydromor-
phological Degradation 
1.1 Introduction 
Ecological data on aquatic benthic macroinvertebrates are used worldwide to 
evaluate river ecosystems (Barbour et al. 1999, Usseglio-Polatera et al. 2000, 
Hering et al. 2004a, Baptista et al. 2007, Tomanova et al. 2008). These are usually 
based on literature evaluation of which required information about taxa is filtered and 
summarized (Merrit & Cummins 1996, Schmedtje & Colling 1996, Statzner et 
al. 1997, Barbour et al. 1999, Moog 2002, Eurolimpacs Consortium 2008). Taxa 
sharing information, e.g. on pollution tolerance, current or substrate preferences and 
life-cycle, may be combined into indices (Hilsenhoff 1987), metrics 
(Barbour et al. 1996) and traits (Townsend & Hildrew 1994). Indices, metrics and 
traits are able to describe and monitor ecological processes, and thus are used for 
ecological river assessment (Barbour et al. 1996, Dolèdec et al. 1999, 
Sandin & Hering 2004). 
Another approach to obtain information on benthic invertebrates for river assessment 
is to conduct targeted investigations with suitable sampling designs and correspond-
ing data analyses. However, this was rarely put into practice (Schmedtje 1995, To-
manova et. al. 2006); probably due to the fact that in North-America and Europe, 
where most assessment methods originate ecological information of benthic 
macroinvertebrates is sufficiently available. In regions were the knowledge about 
river life is scarce the development of ecological river assessment methods must 
follow the latter approach. 
Rivers in the Hindu Kush-Himalaya region are currently under a variety of human 
stressors, such as pollution and hydromorphological degradation with the removal of 
mineral and woody river bed material or logging of wooded riparian vegetation 
(Messerli & Ives 1997, Sharma et al. 2005, Singh & Singh 2007). River assessment 
with benthic macroinvertebrates would provide an effective tool to detect the impacts 
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of the latter river degradations (Karr & Chu 1999), though at the moment the under-
lying datasets are not available. Ecological information of benthic invertebrates in the 
Hindu Kush-Himalaya region is incomplete (Dudgeon 1999, 2003, Yule & Sen 2004), 
and if available relates only to pollution tolerance, rather than community health 
(Central Pollution Control Board 1999, Sharma & Moog 2005, Nesemann et al. 
2007). 
This part of the thesis investigates substrate and current preferences of aquatic 
macroinvertebrates for river assessment in the lower mountains and the lowlands of 
the Hindu Kush-Himalayan region, and covered the countries Pakistan, India, Nepal, 
Bhutan and Bangladesh. The results of the investigation are designed for use in 
practical river assessment. The investigation comprises the following working steps. 
A standardized substrate specific sampling was carried out to obtain biological data 
and explanatory environmental parameters. In a first step the observed environ-
mental parameters were tested if they could explain the variability of the data. Then, 
statistical methods were applied to assign significant substrate and current prefer-
ences to certain taxa. Substrate and current preferences were quantified to provide 
the necessary background information for the investigated taxas’ ecological potential 
to evade habitat alteration. In addition, substrate and current preferences of taxa 
were combined to different metric types. Metrics were tested as indicators of the im-
pact of hydromorphological degradation. In order to provide a broadly reproducible 
study format, a set of threshold values for metrics were defined to detect stressed 
and unstressed sites. 
 
1.2 Material and Methods 
1.2.1 Study area, site selection and sampling 
Geography 
The Hindu Kush-Himalaya region covers 600,000 km² and includes parts of eight 
countries from Pakistan in the west to Myanmar in the east. Major river systems are 
the Indus, the Ganges and the Brahmaputra. The total mountain area drained by the 
Ganga and its tributaries is about 150,000 km². The Indus and the Brahmaputra each 
by itself drains more than 250,000 km². The landscape is characterized by a steep 
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altitudinal gradient in south-north direction, including the Mount Everest in Nepal with 
elevation of 8,848 m. Three parallel zones of different altitudinal ranges subdivide the 
Hindu Kush-Himalaya region, each with a west-east extension of 3,500 km: the High 
Mountains (> 5,000 m above sea level) bordering the high plateau of Tibet, the Mid-
dle Mountains (2,000-5,000 m), and the Siwaliks (500-2,000 m). In the south, the 
area descends to the Indo-Gangetic Plains, which cover parts of India, Nepal and 
Bangladesh. 
 
Climate and river hydrology 
The climate of the Hindu Kush-Himalaya is ruled by the monsoon bringing precipita-
tion with about 80% of annual rainfall from June to September. The monsoon is of 
orographic nature. The rainy season arises with south-westerly winds over India and 
rainfall increase with altitude to maxima in the Middle Mountains of the Hindu-Kush 
Himalaya region. Further north to the High Mountains rainfall decreases. Minimum 
rainfall occurs during the winter (post-monsoon) between October and February. 
March to June is considered as a transnational period when light to moderate rainfall 
can arise from local convective storms (pre-monsoon). The rivers discharge respond 
to the heavy precipitation in the rainy season. In the initial stage of the monsoon dis-
charge remains low as catchments are unsaturated, but once soil storage are filled 
river discharge increase tremendously (e.g. Likhu Khola (Nepal), 2050 m: pre-
monsoon discharge < 10-30 Liter/sec, monsoon discharge > 2 m³/sec) (Brewin et al. 
2000). 
 
Site selection 
Mountainous rivers in the lower parts of the Middle Mountains located in Bhutan, 
India and Pakistan, in the Siwaliks located in Bhutan, India, Nepal, and Pakistan, and 
lowland rivers in the northern parts of the Indo-Gangetic Plains (Bangladesh, India 
and Nepal) were investigated (Figure 2). 
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Figure 2: Study area: 1 = Pakistan; 2 = India; 3 = Nepal; 4 = Bhutan; 5 = Bangladesh; 6 
= Middle Mountains, Siwaliks; 7 = Indo-Gangetic Plains. 
 
Catchment size and altitude were comparable within the lower mountainous river 
group and within the lowland river group. All streams investigated are characterized 
by permanent flow, fed by sources and of small to medium size (i.e. wadeable in the 
dry season). Riverbeds of the lower mountainous region are dominated by large 
stones and bedrock, and lowland riverbeds mainly consist of sand followed by mud 
(Table 1). Only sampling sites exhibiting reference conditions or near reference 
conditions were sampled (pre-classification of sites according to Moog & Sharma 
2005a) (Figure 3, Figure 4). This guaranteed that substrate and current preferences 
of taxa were not influenced or altered due to river degradation. Altogether, 93 sam-
pling sites in the lowland rivers and 178 sampling sites in the lower mountainous riv-
ers were sampled (Table 1). 
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Figure 3: Reference site, mountain river, post-monsoon 2006. Photo: Thomas Korte. 
 
Figure 4: Reference site, lowland river, post-monsoon 2006. Photo: Thomas Korte. 
 
Sampling and processing 
During two sampling periods (from late October 2005 to early January 2006 and from 
mid March 2006 to early June 2006) 271 standardized substrate specific samples 
were taken from different sampling teams of the ASSESS-HKH consortium (Table 2). 
Number of samples per river and substrate type was taken according to the relative 
share of the different substrate types, focusing on the dominant types. Ideally the five 
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most abundant substrate types per country and stream type (see chapter 2.2.1) were 
sampled. A substrate specific sample is a single application of the net sampler with a 
sampling area of 25 x 25 cm and a mesh width of 500 µm. 
At most sampled substrate types current velocity was measured with flow meter, and 
assigned to a certain current velocity class (Table 3). In Nepal and Pakistan flow me-
ter was not available. There descriptions of flow character were used to designate 
current velocity class (Table 3). In addition depth and distance to shore were taken 
as additional environmental parameters (for manual of substrate specific sampling 
see Appendix 1_1). 
Benthic invertebrates were identified to the lowest attainable taxonomic level. In the 
framework of the ASSESS-HKH project the identification work was assisted by ex-
perts who developed ”working” identification keys for the most important taxa groups; 
Trichoptera (Wolfram Graf, Hans Malicky), Plecoptera (Wolfram Graf, Ignac Sivec), 
Ephemeroptera (Thomas Soldan), Diptera (Berthold Janeĉek, Rudolf Rozkosny), 
Coleoptera (Manfred Jäch) and Mollusca and Oligochaeta (Hasko Nesemann). For 
the family Ephemerellidae (Ephemeroptera) the required identification key was com-
piled by the author (Appendix 1_2). Further literature used for identification is listed 
separately in the chapter “References”. Out of the taxonomic units of Ephemeroptera, 
Plecoptera, Trichoptera, Coleoptera, Odonata, Diptera, Megaloptera, Lepidoptera, 
Gastropoda, Bivalvia and Oligochaeta, there were 68 families, 18 subfamilies, 
82 genera/tribus, 5 operational taxonomic units (“in quotation marks“) and 14 species 
identified comprising 17,379 individuals (Table 4). 
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Table 1: Sampling sites characteristics. BAN = Bangladesh, BHU = Bhutan, IND = India, NEP = Nepal, PAK = Pakistan. 
Ecoregion Altitude (m) 
Catchment 
(km²) Hydrology 
Main 
 substrates BAN BHU IND NEP PAK 
No 
sampling 
sites 
No 
rivers 
Lowland 45-250 500-1000 permanent, pring fed 
Mud, sand 11  59 23  93 21 
Lower mountains 500-2500 50-500 
permanent, 
spring fed 
Large 
stones, 
bedrock 
 36 95 30 17 178 42 
SUM     11 36 154 53 17 271 63 
 
Table 2: Number and origin of sampled substrate types. BAN = Bangladesh, BHU = Bhutan, IND = India, NEP = Nepal, PAK = Pakistan. 
Substrate type No sampling sites No river Ecoregion Country 
Detritus (mostly fallen leaves) 4 2 Lowland IND 
Waterplants 10 5 Lowland IND 
Mud 20 7 Lowland BAN, NEP 
Sand 29 15 Lowland BAN, NEP, IND 
Wood 7 3 Lowland IND 
Fine gravel (0,2-2 cm) 30 15 Lowland, lower mountains BHU, NEP, IND, PAK 
Coarse gravel (2-6 cm) 37 21 Lowland, lower mountains BHU, NEP, IND, PAK 
Small stones (6-20 cm) 43 28 Lowland, lower mountains BHU, NEP, IND, PAK 
Large Stones (20-40 cm) 36 21 Lowland, lower mountains BHU, NEP, IND, PAK 
Bedrock (> 40 cm) 55 20 Lowland, lower mountains BHU, NEP, IND, PAK 
Sum sampled substrate types 271    
 
 Substrate and Current Preferences 27 
In addition to the aforementioned sampling procedure at each sampling site a Multi-
Habitat sampling was carried out based on Barbour et al. (1999) and AQEM consor-
tium (2002). A single Multi-Habitat sample reflects the proportion of the microhabitat 
types present. Investigations on Mollusca and Oligochaeta were conducted on basis 
of the latter sampling procedure (for further explanations see chapter 2). 
 
1.2.2 Importance of substrate type and current velocity 
Substrate type, current velocity, depth and distance from shore were analyzed in a 
test to explain the variability in the biotic data set. Detrended Correspondence Analy-
sis (DCA) was used to examine the rate of turnover of benthic macroinvertebrates 
across the samples on the first axis of variation. With a turnover rate of 3.84, the as-
sumption of unimodal response of species to environmental variables was made and 
the choice of Canonical Correspondence Analysis (CCA) to quantify the explanation 
shares of the environmental parameters was made. Then, partial CCA (pCCA) was 
used to separate and quantify the effects of each environmental parameter. Finally, a 
Monte Carlo permutation test revealed environmental parameters significantly ex-
plained the variability in the biotic dataset. DCA, CCA, pCCA and Monte Carlo per-
mutation test were performed with 4.51 CANOCO for Windows (1997-2003, F. ter 
Braak and P. Smilauer) and 4.1 CanoDraw for Windows (1999-2003, Petr Smilauer). 
Table 3: Current velocities classes. 
Velocity class Description 
Class 1 No current, no visible flow, or pool, 0 cm/s 
Class 2 Slow current, mostly near the shore, 1-10 cm/s 
Class 3 Moderate current, 11-30 cm/s 
Class 4 Distinct current, mostly accompanied with surface disturbance, 31-50 cm/s 
Class 5 Fast current, surface distinctly disturbed, 51-100 cm/s 
Class 6 Very fast current, broken waves at the surface, > 100 cm/s 
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1.2.3 Allocation of substrate and current preferences 
To allocate substrate and current preferences, only taxa which were present in at 
least 10 samples and with at least 30 individuals were considered. Exceptions were 
made for three taxa occurring in less than 10 samples, but with numbers of individual 
greater than 30 (Epeorus "bispinosus", Hydropsyche "white stripe" and 
Hydroptilidae Gen. sp.). All together, 91 taxonomical units were investigated for 
significant substrate and current preferences (Table 4). Only selected taxa of 
Gastropoda, Mollusca and Oligochaeta were observed. The latter taxa originate from 
another data set comprising 373 sampling sites and were exclusively found on sand 
and/or mud. Allocation to substrate types was done in cooperation with expert Hasko 
Nesemann. 
Table 4: Summary of all sampled taxa. In brackets number taxa finally investigated for 
substrate and current preferences (n = 271 samples observed). OTU = Operational 
taxonomic unit (see chapter 1.2.3). 
Taxa 
S
am
ples 
Individuals 
Fam
ily 
S
ub-fam
ily 
G
enus / Tribus 
O
TU
 
S
pecies 
Ephemeroptera 190 3076 6 (6) 2 (2) 32 (16) 2 (2) 1 (0) 
Plecoptera 54 363 4 (2) 1 (1) 6 (1)   
Trichoptera 172 2678 19 (12) 6 (3) 30 (9) 3 (1)  
Coleoptera 95 1185 10 (3) 2 (2)    
Diptera 153 8092 12 (7) 7 (5) 5 (4)   
Odonata 45 108 7 (2)     
Lepidoptera 8 16 1 (0)     
Megaloptera 6 7 1 (0)     
Gastropoda 64 1210 3  4  5 (5) 
Bivalvia 75 559 4  5  7 (7) 
Oligochaeta 10 64 1    1 (1) 
SUM  17,379 68 (32) 18 (13) 82 (30) 5 (3) 14 (13) 
 
To weight down the influence of mass occurrence in a single sample all individual 
numbers were log-transformed. To identify taxa significantly linked to a certain (com-
bination of) substrate type(s), current velocity Spearman rank correlation (threshold 
value r ≥  0.5, p ≤  0.05) was applied for linear relationships, i.e. preference for large 
or small stones, and CCA (t-value biplot) for unimodal relationships. Taxa which 
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passed the threshold criteria will be referred to as significant substrate or significant 
current taxa. T-value biplots were conducted with 4.1 CanoDraw for Windows (1999-
2003, Petr Smilauer). Spearman rank correlation was carried out with STATIS-
TICA 6.1 (1984-2003, StatSoft Inc.). 
1.2.4 Quantification of substrate and current preferences 
To describe substrate and current preferences with more detail for taxa deemed sig-
nificant, a 20 point system was developed. Allocating points for substrate and current 
preferences to a certain taxon provides practical information for use in bioindication 
protocols. Taxa obtaining highest scores only in a very few substrates or current 
classes may be considered as good bioindicators. The allocation procedure com-
prised a series of steps. Numbers of individuals per sample were transformed into 
abundance class values. Abundance class values within each substrate type were 
summed. Then, points within a substrate type were converted into its relative share 
(%) with respect to abundance class points in all substrate classes. Finally, percent-
age values in each class were transformed into a numeric system distributing 20 
points in total for substrate and current preferences, respectively (Figure 5). 
 
1.2.5 Development of metrics 
All taxa showing significant relation to stony substrate types were summarized to the 
metric “Lithal”. Taxa assigned to the metric Lithal were further subdivided into the 
metric “Lithobiont”, if exclusively found on stones, and to the metric “Lithophil” if sig-
nificant on stones but also found on other substrate types. Taxa having a significant 
preference for high current velocities were combined to the metric “Lotic” (preference 
between current classes 3-6). 
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Figure 5: 20 point allocation procedure. Ab_cl = Abundance class. Substrate type 9 
may stand for “large stones”. 
 
1.2.6 Ability of metrics to detect hydromorphological impact 
The new metrics (Lithal, Lithobiont, Lithophil and Lotic) were tested according to their 
capability to detect the impact of hydromorphological degradation, namely decrease 
of wooded riparian vegetation, increase of bank fixation and general hydromor-
phological degradation reflected by PCA axis 1 values. This was restricted to the 
lower mountain rivers because riverbeds in the lowland consist naturally of sand and 
mud. Consequently, stone dwelling taxa of the latter metrics do not occur naturally in 
lowland rivers. The hydromorphological parameter values were derived from another 
data set of the same study area, and also contained biological data from 181 sam-
pling sites. Sampling sites were divided into sites which are stressed or unstressed 
by the latter hydromorphological parameters. New metrics were generated for each 
sampling site. The generation of metrics was done on three abundance levels: (1) In-
dividual numbers of taxa which belonged to a certain metric type were summed up; 
(2) Presence/absence counted only the number of taxa which were classified to a 
certain metric regardless of individual numbers and (3) Abundance class. Individual 
numbers of classified taxa were transferred into abundance class values and 
summed up (Table 5). Mann-Whitney U-test and Box and Whisker plots were applied 
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on each of the three abundance levels to test the relation of the new metrics to 
hydromorphological stress. To evaluate the discriminatory power of the metrics, 
overlapping of interquartile ranges and position of medians were compared. Thresh-
old values were defined to indicate sites which are stressed or unstressed by hydro-
morphological degradation. Spearman rank correlation was applied to detect inter-
correlation of metrics. Box and Whisker plots were performed with STATISTICA 6.1, 
(1984-2003, StatSoft Inc.). Metrics were calculated with MICROSOFT OFFICE EX-
CEL 2003 SP3 (1985-2003, Microsoft Corporation). 
Table 5: Transformation of individual numbers to abundance class values. 
Abundance class Number individuals 
1 1 ≤  n < 3 
2 3 ≤  n < 11 
3 11 ≤  n < 31 
4 31 ≤  n < 101 
5 101 ≤  n < 301 
6 301 ≤  n < 1001 
7 1001 ≤  n 
 
Figure 6 explains the procedure for the allocation of substrate and current prefer-
ences to benthic macroinvertebrates in the rivers of the Hindu Kush-Himalaya region. 
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Site protocol Biota samples
Are environmental parameters 
important?
- DCA
- CCA
- pCCA
- Monte Carlo
Permutationstest
Substrate type
Current velocity
Depth
Distance from shore
Taxa threshold criteria for further 
consideration:
> 10 samples
> 30 individuals
Do taxa have significant substrate or 
current preferences?
Spearman rank correlation (linear)
t-value biplot (unimodal)
Significant taxa
Allocation to metrics:
Lithal
Lotic
Test data set (biotic/abiotic 
parameters) reflecting  a 
hydromorphological gradient 
(stressed/unstressed)
Lithobiont
Lithophil
Are metrics responsive to stress?
Mann-Whitney U-test
Box and Whisker plots
Stress responsive metrics
Definition of threshold 
values for metrics 
(stressed/unstressed)
20 point system
Transformation of individual numbers 
into abundance class values
Transformation of abundance class 
values into relative share
Distribution of 20 points over relative 
shares
M
etric calculation
M
etric calculation
 
Figure 6: Procedure for the allocation of substrate and current preferences to benthic 
macroinvertebrates and usage as bioindicators. Simplified. 
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1.3 Results 
1.3.1 Importance of substrate type and current velocity for community 
composition 
Canonical Correspondence Analysis explains 27.6 % of variance within the data set 
(cumulative percentage variance of species data, first four CCA axes). The variance 
explained by the CCA is best reflected by the substrate types (Figure 7). The most 
important gradient is the substrate “mud”, which is closely correlated to the first CCA 
axis. The second CCA axis is mainly a substrate gradient from bedrock/large stones 
to sandy substrate types. Environmental parameters distance from shore and depth 
exhibit small arrows, hence being of minor importance (Figure 7). The different eigen-
values of the pCCA revealed the distribution of taxa being highly dependent on sub-
strate types compared to the other observed environmental parameters (Table 6). 
However, the Monte Carlo permutation test revealed that the distribution of taxa 
proximal to bedrock, large stones, coarse gravel, fine gravel, sand, and mud is also 
significantly correlated with current velocity, distance from shore and depth (Table 7). 
 
 
Figure 7: CCA biplot. Environmental parameters (arrows) and taxa (points). 
  Substrate and Current Preferences  34 
Table 6: pCCA-results. Sum of all canonical eigenvalues per environmental variable. 
Parameter Sum eigenvalues
Substrate 0.959 
Flow velocity 0.039 
Depth 0.034 
Distance shoreline 0.028 
Table 7: Results Monte Carlo permutations test. 
Environmental variable p-value 
Bedrock 0.002 
Large stones 0.002 
Coarse gravel 0.002 
Current velocity 0.002 
Distance shore 0.008 
Fine gravel 0.014 
Sand 0.014 
Depth 0.028 
Mud 0.042 
 
1.3.2 Allocation of substrate and current preferences 
50 taxa were detected with significant preferences to certain substrate types (Figure 
8, Table 8) and/or current velocities (Figure 9, Table 8). 15 taxa show significant 
preference both for certain substrate type and certain current velocity. 34 insect taxa 
were detected with significant preference to stony substrates of these 14 Ephemer-
optera taxa, 14 Trichoptera taxa, two Coleoptera taxa, one Plecoptera taxon and one 
Odonata taxon. Baetiella sp., Simuliidae Gen. sp. and Orthocladiinae_Diamesinae 
Gen. sp. also significantly prefer other but mineral substrate types. 12 Mollusca taxa 
significantly indicate sand and mud. Corbicula striatella DESHAYES (Bivalvia) and 
Thiara lineata GRAY (Gastropoda) additionally exhibit significant preference for sand. 
12 taxa were detected with significant preferences for faster current velocities com-
prising eight Trichoptera taxa, two Ephemeroptera taxa, and one Diptera taxon. 
Seven taxa show preferences for fast and slow current velocities (indifferent). 
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Figure 8a                                                        Figure 8b 
   
Figure 8c                                                         Figure 8d 
   
Figure 8e                                                        Figure 8f 
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Figure 8g 
Figure 8 a-g: T-value biplots substrate. Symbol indicates substrate type. Arrows indi-
cate species. Species lines that end in the circle have a positive regression coefficient 
for that environmental variable with corresponding t-value > 2.0. Abbrevations: ACE = 
Acentrella sp., AGA_N = Agapetinae Gen. sp., ATH_G = Athericidae Gen. sp., BAE = 
Baetiella sp., BAE_G = Baetidae Gen. sp., BAE_N = Baetinae Gen. sp., CHE = Cheuma-
topsyche sp., CIN = Cincticostella sp., CRI = Crinitella sp., EPE = Epeorus sp., GLO_G 
= Glossosomatidae Gen. sp., GLO_N = Glossosomatinae Gen. sp., HEP_G = Heptage-
niidae Gen sp., HYD = Hydropsyche sp., HYD_G = Hydropsychidae Gen. sp., HYD_N = 
Hydropsychinae Gen. sp., NEM_G = Nemouridae Gen. sp., NOT = Notacanthurus sp., 
OR_DI_G = Orthocladiinae_Diamesinae Gen. sp., RHI = Rhithrogena sp., RHY = 
Rhyacophila sp., SCI_G = Scirtidae Gen. sp., SIM_G = Simuliidae Gen. sp., STE = 
Stenopsyche sp. 
 
Figure 9: T-value biplots lotic (current velocity classes 3-6). Symbol indicates current. 
Arrows indicate species. Species lines that end in the circle have a positive regression 
coefficient for that environmental variable with corresponding t-value > 2.0. Abbrevia-
tions: AGA_N = Agapetinae Gen. sp., ATH_G = Athericidae Gen. sp., CHE = Cheuma-
topsyche sp., GLO_N = Glossosomatinae Gen. sp., HYD = Hydropsyche sp., HYD_G = 
Hydropsychidae Gen. sp., HYD_N = Hydropsychinae Gen. sp. 
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Table 8: Summary Spearman rank coefficients. Only significant preferences p-level < 
0.05. 
Taxa 
group Taxon Stony substrate types Current, Lotic Current, Indifferent 
EPH Acentrella sp. 0.5   
EPH Baetiella sp. 0.56   
EPH Choroterpes sp. 0.65   
EPH Cincticostella sp. 0.67   
EPH Cinygmina sp. 0.63   
EPH Crinitella sp. 0.55   
EPH Drunella sp. 0.63 0.57  
EPH Epeorus sp. 0.66  0.55 
EPH Epeorus "bispinosus" 0.62   
EPH Ephemera sp.   0.7 
EPH Notacanthurus sp. 0.62  0.6 
EPH Rhithrogena sp. 0.63 0.51  
PLE Nemouridae Gen. sp. 0.55 0.55  
TRI Agapetinae Gen. sp. 0.67   
TRI Brachycentridae Gen sp. 0.8   
TRI Cheumatopsyche sp. 0.6 0.5  
TRI Glossosomatidae Gen. sp. 0.62   
TRI Glossosomatinae Gen. sp. 0.61 0.52  
TRI Goera sp. 0.6 0.55  
TRI Hydropsyche "white stripe" 0.53  0.68 
TRI Hydroptilidae Gen. sp.  0.81  
TRI Rhyacophila sp. 0.7 0.51  
TRI Setodes sp. 0.72   
TRI Stenopsyche sp. 0.67   
TRI Uenoa sp. 0.87   
COL Eubrianacinae Gen. sp. 0.68   
COL Scirtidae Gen. sp. 0.61  0.5 
DIP Athericidae Gen. sp.   0.55 
ODO Gomphidae Gen. sp. 0.52   
 
1.3.3 Quantifying substrate and current preferences 
44% (15 taxa) of significant substrate taxa receive highest scores for substrate type 
“small stones”, although the share of “small stones” is only 15% of all sampled sub-
strate types (Table 9, Appendix 1_3, Table 2). Including taxa with equal scores for 
“small stones” and other lithal fractions 59% (20) of taxa most prefer “small stones” 
(Table 9, Appendix 1_3). Of these, 11 taxa show clear unimodal response over the 
size range of stony substrate types with optimum in “small stones” (Appendix 1_3). 
Five taxa preferred “large stones” (two) and “bedrock” (three) of which Uenoa sp., 
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Cincticostella sp. and Brachycentridae Gen. sp. were almost only found on “large 
stones” and “bedrock” (Table 9; Appendix 1_3). Four taxa receive 10 points or more 
in one substrate type, and additionally occur only in three or fewer substrate types. In 
addition to Uenoa sp. these were Epeorus „bispinosus”, Epeorus sp., and Rhithro-
gena sp. (Table 9; Appendix 1_3). 
Eight “significant” current taxa show clear unimodal response over range of current 
velocities with maximum scores for “moderate” or “distinct current”. Altogether, 47% 
of taxa (eight) receive highest scores for “moderate current”. None of the observed 
taxa most prefer “very fast current” (Table 10, Appendix 1_4). The highest scores for 
slow current preference are assigned to Ephemera sp., Cinygmina sp. and Hy-
dropsyche “white stripe” (Table 10, Appendix 1_4). Ephemera sp. was found in only 
three current classes exclusively, and additionally 10 points were assigned for cur-
rent class “no current” (Table 10, Appendix 1_4). Only Drunella sp. and Hydroptilidae 
Gen. sp. most prefer “fast current”. However, Drunella sp. regularly occurs in all cur-
rent classes (Table 10, Appendix 1_4). But, Hydroptilidae Gen. sp. were found in only 
three lotic classes and additionally receive more than 10 points for current classified 
as “fast” (Table 10, Appendix 1_4). 
 
1.3.4 Development of metrics 
34 insect taxa show significant preferences for stony substrate types, and were com-
bined to metric Lithal. Of these 13 taxa were exclusively found on stony substrate 
types. The latter built the metric Lithobiont and consists of seven Trichoptera taxa 
and six Ephemeroptera taxa. 21 taxa were assigned to the metric Lithophil compris-
ing eight Ephemeroptera taxa, seven Trichoptera taxa, one Plecoptera, two Coleop-
tera, two Diptera, and one Odonata taxon (Table 9). 
11 taxa show significant preferences for fast current velocities. These were combined 
to the metric Lotic comprising eight Trichoptera taxa, two taxa of Ephemeroptera, and 
one Diptera taxon. No taxon was detected with preferences to slow current velocities 
(Lentic). Seven taxa show preferences for both slow to moderate current velocities 
(Indifferent) comprising four Ephemeroptera, one Plecoptera, one Trichoptera and 
one Coleoptera taxa (Table 10). 
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Table 9: Substrate preferences. Metric assignment and 20 point allocation. x indicates 
significant preference detected by Spearman rank correlation or t-value biplot. For 
comparison see also Appendix 1_3. 
Taxa group 
Taxon 
N
o sam
ples 
N
o individuals 
Lithal 
Lithophil 
Lithobiont 
Fallen leaves 
W
aterplants 
W
ood 
M
ud 
S
and 
Fine gravel 
C
oarse gravel 
S
m
all stones 
Large stones 
B
edrock 
EPH Acentrella sp. 47 193 x x        2 3 3 12
EPH Baetinae Gen. sp. 128 1678 x x   2 1  1 3 3 3 3 4 
EPH Baetidae Gen. sp. 143 1811 x x   1 1 1 1 3 3 3 3 4 
EPH Baetiella sp. 35 189 x x   1     2 2 4 11
EPH Choroterpes sp. 15 103 x x   1   1 3 6 7 1 1 
EPH Cincticostella sp. 19 77 x  x       3 3 13 1 
EPH Cinygmina sp. 24 59 x x       2 3 5 5 5 
EPH Crinitella sp. 12 55 x  x      3 3 8 3 3 
EPH Drunella sp. 10 443 x  x       4 8 8  
EPH Epeorus sp. 23 78 x  x        12 5 3 
EPH Epeorus "bispinosus" 7 48 x  x        12 8  
EPH Heptageniidae Gen. sp. 61 327 x x       2 4 8 4 2 
EPH Notacanthurus sp. 12 46 x x  1     3 3 7 6  
EPH Rhithrogena sp. 10 64 x  x       10 10   
PLE Nemouridae Gen. sp. 11 104 x x  2      4 5 9  
TRI Agapetinae Gen. sp. 13 32 x  x      2 4 6 4 4 
TRI Brachycentridae Gen sp. 10 326 x x        1 2 16 1 
TRI Cheumatopsyche sp. 38 223 x x  1  2   2 3 8 4  
TRI Glossosomatidae Gen. sp. 29 97 x  x      1 5 7 4 3 
TRI Glossosomatinae Gen. sp. 19 64 x  x      1 5 7 5 2 
TRI Goera sp. 10 32 x x   1    11 5 3   
TRI Hydropsyche "white stripe" 9 32 x x   1    3 3 13   
TRI Hydropsyche sp. 69 478 x x   2    2 2 9 4 1 
TRI Hydropsychidae Gen. sp. 95 855 x x   2 1   2 3 8 3 1 
TRI Hydropsychinae Gen. sp. 89 789 x x   2 1   2 3 8 3 1 
TRI Rhyacophila sp. 24 35 x  x       2 6 6 6 
TRI Setodes sp. 15 39 x  x      2 7 7 4  
TRI Stenopsyche sp. 20 47 x  x      1 3 10 6  
TRI Uenoa sp. 10 91 x  x        1 6 13
COL Eubrianacinae Gen. sp. 10 18 x x    1  1 4 5 5 4  
COL Scirtidae Gen. sp. 11 58 x x   1    1 8 6 3 1 
DIP Orthocladiinae_ Diamesi-nae Gen. sp. 91 3377 x x   1 1  1 3 3 3 3 5 
DIP Simuliidae Gen. sp. 55 854 x x   2      6 6 6 
ODO Gomphidae Gen. sp. 32 59 x x   1   1 6 6 4 1 1 
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Table 10: Current preferences. Metric assignment and 20 point allocation. x indicates 
significant preference detected by Spearman rank correlation or t-value biplot. For 
comparison see also Appendix 1_4. 
Taxa group 
Taxon 
N
o sam
ples 
N
o individuals 
Lotic 
Indifferent 
C
lass 1 (Lentic) 
C
lass 2 (Lentic) 
C
lass 3 (Lotic) 
C
lass 4 (Lotic) 
C
lass 5 (Lotic) 
C
lass 6 (Lotic) 
EPH Rhithrogena sp. 10 64 x    5 5 5 5 
EPH Drunella sp. 443 10 x  2 2 4 4 6 2 
EPH Ephemera sp. 12 38  x 10 6 4    
EPH Epeorus sp. 23 78  x  2 6 8 2 2 
EPH Notacanthurus sp. 12 46  x 2 5 5 7 1  
EPH Cinygmina sp. 24 59  x 8 6 2 2 2  
PLE Nemouridae Gen. sp. 11 104  x 2 2 6 6 2 2 
TRI Hydroptilidae Gen. sp. 6 54 x     4 14 2 
TRI Hydropsyche sp. 69 478 x  2 5 8 3 1 1 
TRI Cheumatopsyche sp. 38 223 x  3 5 5 4 3  
TRI Hydropsychinae Gen. sp. 89 789 x  2 4 8 4 1 1 
TRI Goera sp. 10 32 x  1 4 7 4 4  
TRI Rhyacophila sp. 24 35 x    9 6 3 2 
TRI Glossosomatinae Gen. sp. 19 64 x   1 7 6 3 3 
TRI Agapetinae Gen. sp. 13 32 x   2 8 5 3 2 
COL Scirtidae Gen. sp. 11 58  x 1 5 6 5 2 1 
DIP Athericidae Gen. sp. 12 39 x  1 5 9 4 1  
 
1.3.5 Ability of new metrics to detect impacts of hydromorphological degrada-
tion 
The metrics Lithal, Lithophil and Lotic are decisively (all p < 0.001) able to detect the 
three observed hydromorphological stressors regardless of abundance level (Table 
11). The metric Lithobiont demonstrates significant discriminatory power on 
abundance class level and on individual number level. Box and Whisker plots (abun-
dance class level) also show ability of all metrics to detect hydromorphological degra-
dation. The metrics Lotic, Lithal and Lithophil reveal the best discriminatory power 
exhibiting both medians outside the interquartile range overlap (Figure 10). The met-
ric Lithobiont has at least one median inside the interquartile range overlap. How-
ever, no metric is able to distinguish clearly between stressed and unstressed sites 
as all interquartile ranges are overlapping (Figure 10). Threshold values for stressed 
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or unstressed sites were defined on basis of Box and Whisker plots. Each of stressed 
and unstressed sites the mean of the medians per metric over all of the three ob-
served hydromorphological stressors seems suitable (Table 12). Spearman rank 
correlation revealed that all of the four metrics are inter-correlating (Spearman 
r > 0.5, p < 0.05). 
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Figure 10: New metrics vs. different hydromorphological stressors. n = 181 sampling 
sites. Box = 25%-75% Interquartile, Whiskers = Non-Outlier Range, Squares = Median, 
Circle = Outlier, Cross = Extremes. Ab_cl = Abundance class. 
  Substrate and Current Preferences  42 
Table 11: p-level results of Mann-Whitney U-test. Comparison between sampling sites 
stressed or unstressed under different hydromorphological stressors and new met-
rics. Ab_cl = abundance classes. n.s. = not significant. n = 181 sampling sites. 
Metric PCA axis 1 % riparian wooded vegetation % bank fixation
No taxa Lotic < 0.001 < 0.001 < 0.001 
Ab_cl Lotic < 0.001 < 0.001 < 0.001 
No individuals Lotic < 0.001 < 0.001 < 0.001 
No taxa Lithal < 0.001 < 0.001 < 0.001 
Ab_cl Lithal < 0.001 < 0.001 < 0.001 
No individuals Lithal < 0.001 < 0.001 < 0.001 
No taxa Lithophil < 0.001 < 0.001 < 0.001 
Ab_cl Lithophil < 0.001 < 0.001 < 0.001 
No individuals Lithophil < 0.001 < 0.001 < 0.001 
No taxa Lithobiont n.s. < 0.05 n.s. 
Ab_cl Lithobiont < 0.001 < 0.001 < 0.01 
No individuals Lithobiont < 0.001 < 0.01 < 0.01 
 
Table 12: Threshold values of metrics. Mean of median per metric type over all ob-
served hydromorphological parameters. 
Metric Threshold unstressed Threshold stressed 
Lotic > 9 < 4 
Lithal > 13 < 6 
Lithobiont > 8 < 4 
 
1.4 Discussion 
1.4.1 Importance of substrate and current velocity for aquatic macroinverte-
brates 
Of the observed environmental parameters substrate type and current velocity are 
the most important for benthic invertebrates. CCA explains 27.6 % of total variance in 
the data set. The observed parameters explain a significant share of the variability 
within the data set and are demonstrably of importance for the distribution of benthic 
invertebrates. Nevertheless, other environmental parameters must be important for 
the distribution of taxa, besides the observed, though these results are consistent 
with many other studies showing that substrate type and current velocity primarily 
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rule the distribution of taxa in the river bed (Cummins & Lauf 1968, Minshall & Min-
shall 1977, Statzner et al. 1988, Rempel et al. 2000, Buss et al. 2004). Other natural 
factors influencing the distribution of taxa are composition of substrate types (Gurtz & 
Wallace 1984), physical attributes of substrate types (Brooks et al. 2005), hydraulic 
conditions (Statzner et al. 1988), flow refugia availability (Gjerløv et al. 2003), distur-
bance (Resh et al. 1988, Leopold 1994), light and colour (Robinson & Minshall 1986, 
Casey & Clifford 1989), depth (Brooks et al. 2005), temperature and season (Bour-
naud et al. 1987), biological interactions (Lancaster et al. 1990, Thomson 2002), re-
source availability (Richardson 1993) and the biological state of a taxa’s life cycle 
(Minshall 1984). In addition, inter-correlation between environmental parameters 
must be considered in order to evaluate the importance of a single parameter for the 
biota. Consequently subtle interferences of environmental parameters result in tem-
poral and spatial heterogeneity of benthic invertebrate distribution. 
 
1.4.2 Allocation of substrate and current preferences 
Significant substrate and current preferences were detected for 50 taxa of benthic 
invertebrates. The findings were compared against suitable literature originating from 
the biogeographic regions categorized as: Oriental (Ulmer 1955, 1957, Stauder 1999, 
Dudgeon 1999, Yule & Sen 2004, Nesemann 2007), the West-Palearctic (Eurolim-
pacs consortium 2008), Nearctic (Stewart & Stark 1993, Wiggins 1996, Merrit & 
Cummins 1996), and East-Palearctic (Lepneva 1964) (Appendix 1_5). The data are 
the first about substrate and/or current preferences for Baetiella sp., Cincti-
costella sp., Crinitella sp., Drunella sp. and Cinygmina sp. Literature showed addi-
tional substrate preferences only for Drunella sp., Brachycentridae Gen. sp., Rhithro-
gena sp. and Setodes sp. Two taxa were assigned to additional velocity classes 
(Rhithrogena sp. and Hydroptilidae Gen. sp.). Additional information in the consulted 
literature shows that species of the investigated genera and families have a broader 
range of substrate and current preference than at the taxa level observed in this 
study. Therefore, the findings are only applicable in the rivers of the lower mountains 
of the Hindu Kush-Himalaya region. Nevertheless, the introduced sampling proce-
dure and the data analysis used provide consistent information about substrate and 
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current preferences, and may be used in regions of the world where literature 
knowledge is scarce. 
 
1.4.3 Quantifying substrate and current preferences 
Most substrate taxa prefer small stones (6-20 cm) as life space. Beauger et al (2006) 
observed highest benthic invertebrate diversity in river Allier (France) in comparable 
substrate sizes (3-25 cm). Hawkins (1984) assumed that small stones are complex 
habitats and share traits in common with most other substrate types. The top of small 
stones are comparable with the top of bedrock and large boulders, providing also 
habitat for grazers of algae and mosses. Sand, gravel and detritus deposit in the 
interstitial spaces around small stones, providing associate life space and food. In 
addition, interstitial space is easily accessible and provides shelter. To summarize, 
small stones have proven to be the most utilizable habitat and, consequently, sus-
tainable river management should contain specific measures for the conservation of 
what is characteristic in this study of a small stones environment. 
Those taxa investigated that predominately occur on “large stones” and “bedrock” are 
three in number, Uenoa sp., Cincticostella sp., and Brachycentridae Gen. sp. Each of 
Ephemeroptera taxa Epeorus sp., Epeorus „bispinosus”, Drunella sp. and Rhithro-
gena sp. were exclusively found on three substrate types with highest scores for 
“small stones”. Literature gives indifferent substrate preferences on family level for 
Brachycentridae Gen. sp. (Graf et al. 2006, information for Europe). No information 
about substrate preferences is available for Uenoa sp. and Cincticostella sp. 
Buffagni et al. (2007, information for Europe) and Yule & Sen (2004, information for 
Malaysian region) allocate Epeorus sp. and Epeorus „bispinosus“ to stony 
substrates. In Europe, species of Drunella sp. live on stones, but also on waterplants 
(Buffagni et al. 2007). Rhithrogena sp. is not treated commonly in literature. In India 
Stauder (1999) found the genus only at stones, while in Europe it is found on 
substrates other than stony substrate types (Buffagni et al. 2007). With respect to the 
literature, the findings may be interpreted as follows. All of the previously mentioned 
seven taxa may serve as good bioindicators for the observed region. Their ecological 
potential toward habitat alteration is small, because they prefer only a few substrate 
types (“small stones”, “large stones” and “bedrock”). Consequently, impacts on these 
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substrates and its connected parameters, e.g. through sedimentation may not be 
compensated by the latter taxa through evading to other life spaces. 
Most significant current taxa prefer “moderate” or “distinct” velocities (11-50 cm/s). 
Other investigations also revealed comparable current preference for many taxa 
(Schmedtje 1995). In terms of rivers stressed by damming, the taxa preferring “mod-
erate” or “distinct” velocities, and exhibiting low ecological potential with respect to 
current velocity may vanish from the ecosystem. Within this investigation the metric 
Lotic was generated comprising taxa preferring “moderate” to “distinct” current ve-
locities. For future investigations metric Lotic may be tested, where suitable, to detect 
impacts of impoundment and damming in the Hindu Kush-Himalaya region. 
 
1.4.4 Development of metrics 
Four metrics were developed for usage in river assessment. The metric Lithobiont is 
built of 13 taxa found exclusively on stones. 21 taxa are combined to form metric 
Lithophil. The latter taxa exhibit significant preferences for stony substrates, but can 
be found on other substrate types. The metric Lotic consists of 11 taxa with signifi-
cant preferences for moderate to faster current velocities. Schmedtje & Colling 
(1996) classified substrate and current preferences of more than 1500 aquatic taxa 
mostly based on literature research. Substrate and current preferences were com-
bined to metrics containing taxa sharing the same information. These metrics are 
suitable for ecological river assessment (Meier et al. 2006). Also, in other parts of the 
world metrics are the basis for describing and evaluating ecological processes 
(Barbour et al. 1999, Hering et al. 2004b, Baptista et al. 2007). The new metrics 
combine taxa that show preferences for stony substrates and faster current veloci-
ties, and because the rivers of the Hindu Kush-Himalaya region are stressed by sev-
eral hydromorphological impacts which lead to habitat alteration these metrics may 
serve as indicators to describe and assess the impact. 
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1.4.5 Ability of metrics to detect impacts of hydromorphological degradation 
Metrics Lotic, Lithal and Lithophil exhibit best the ability to detect the impact of hy-
dromorphological degradation in rivers of the lower mountains in the Hindu Kush-Hi-
malaya region (Figure 10). Threshold values defined for each of the metrics indicate 
stressed or unstressed sites. Other investigations also showed that the knowledge 
about substrate and current preferences of taxa may be used to detect the impact of 
hydromorphological degradation (Lorenz et al. 2004, Schmedtje 1995). Meier et al. 
(2006) applied metrics based on substrate and current preference of taxa to develop 
a multimetric index for Germany. In the rivers of the Hindu Kush-Himalaya region re-
moval of mineral riverbed material, damming for irrigation, and cutting of wooded ri-
parian vegetation are common stressors which lead to loss of habitat for benthic in-
vertebrates. The new metrics are able to detect the impact by decreasing values. 
Since of all of the new metrics are inter-correlating only one of the three metrics 
needs to be applied for assessment of hydromorphological impact. In addition, the 
application should be carried out on the abundance class values of taxa. This lowers 
the influence of mass occurrence of taxa and guarantees a sufficient value range. 
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2 Development of a Multimetric Index for Ecological River 
Quality Assessment 
2.1 Introduction 
In many parts of the world benthic macroinvertebrates are used for ecological river 
assessment. Among a variety of potentially suited assessment methodologies multi-
metric indices are increasingly popular, particularly in North America (e.g. 
Barbour et al. 1996, Maxted et al. 2000, Weigel et al. 2002), South America (Baptista
 et al. 2007, Moya et al. 2007, Silveira et al. 2005), Europe (e.g. Böhmer et al. 2004, 
Hering et al. 2004a, Morais et al. 2004, Ofenböck et al. 2004, Vlek et al. 2004) and 
South-Africa (Ollis et al. 2006). In Asia (Oriental biogeographic region) river 
assessment with benthic macroinvertebrates is still in its infancies. The knowledge 
about riverine biodiversity is incomplete and biomonitoring and conservation of rivers 
is underdeveloped (Dudgeon 2003). In the Hindu Kush-Himalayan region, targeted 
by our study, first steps towards biological river quality assessment with benthic 
macroinvertebrates were previously done in Nepal (Sharma & Moog 2005, 
Nesemann et al. 2007) and India (Central Pollution Control Board 1999), applying 
modified versions of the Biological Monitoring Working Party (BMWP) and the 
Average Score Per Taxon (APST) (Armitage et al. 1983), respectively. However, 
assessment methods based on benthic macroinvertebrates are potentially well-suited 
tools for water management in Asia, due to steep pollution gradients and the impacts 
of other stressors (e.g. Messerli & Ives 1997, Merz et al. 2003, Central Pollution Con-
trol Board 2003a, 2003b, Sharma et al. 2005, Pradhan et al. 2005), which are well 
reflected by the biota. Despite the widespread lack of invertebrate-based assessment 
methods in the Hindu Kush-Himalayan region several studies deal with other aspects 
of the benthic invertebrate fauna, e.g. structural and functional aspects (Meren et al.  
1984, Chowdhary 1984, Sharma 1986, Kumar 1987, Ahmad & Singh 1989, Singh & 
Srivastava 1989, Mohan et al. 1989, Negi & Singh 1990, Gupta & Michael 1992, Do-
briyal et al. 1992, Rundle et al. 1993, Ormerod et al. 1994, Suren 1994, Brewin et al. 
1996, Brewin e  al. 2000, Nesemann et al. 2007). 
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This part of the thesis aims at developing a multimetric assessment procedure for 
streams in the low mountain areas of the Hindu Kush-Himalayan region and covered 
the countries Pakistan, India, Nepal, Bhutan and Bangladesh. The method is de-
signed for use in practical water management. The development procedure included 
the delineation of stream types mainly based on the ecoregion approach, the a-priori 
classification of sampling sites to cover a gradient in environmental quality, and in-
cluded the correlation of a large number of biotic indices against environmental pa-
rameters. I tested if metrics frequently applied in North America, Europe and South 
America are also suited to detect perturbation of rivers in the Hindu Kush-Himalaya 
region and if metrics are stressors-specific, reflecting e.g. the degree of organic pol-
lution, eutrophication, land-use of the catchment or hydromorphological degradation. 
Finally, for each of the stream types a set of robust core metrics reflecting river deg-
radation was selected and combined into a multimetric system for integrative assess-
ment of river ecosystems. 
 
2.2 Material and Methods 
The study area has been previously described (Chapter 1.2) and information will only 
focus on new information here. 
 
2.2.1 Study area, site selection and sampling 
Study area 
Multimetric indices were developed for five stream types, i.e. streams within the 
same ecoregion and with a comparable size. Stream types were defined based on 
environmental parameters and not by the invertebrate assemblage, as many of the 
sampling sites are heavily impacted and their invertebrate assemblage is thus deter-
mined by perturbation rather than by natural parameters. Ecoregions (based on the 
WWF Global 2000 ecoregions, Olson et al. 2001), catchment size and altitude were 
used to define five stream types (Figure 11, Table 13). All stream types investigated 
are characterized by permanent flow, fed by sources and of small to medium size 
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(i.e. wadeable in the dry season) (Moog & Sharma 2005b). In the following, ecore-
gion names are used as synonyms for the stream types. 
 
 
Figure 11: Study area. Ecoregions observed. 1 = Pakistan; 2 = India; 3 = Nepal; 4 = 
Bhutan; 5 = Bangladesh; 6 = Himalayan Subtropical Pine Forest; 7 =Western Himala-
yan Broadleaf Forest; 8 = Upper Gangetic Plains; 9 = Eastern Himalayan Broadleaf 
Forest; 10 = Lower Gangetic Plains. 
 
Table 13: Number sampling sites per stream type and country. 
Ecoregion Altitude range (m) 
Catchment 
size (km²) 
B
angladesh 
B
hutan 
N
epal 
India 
P
akistan 
N
o sites 
Eastern Himalayan Broadleaf Forest 1000-2500 50-500  17 17   34 
Himalayan Subtropical Pine Forest 500-2000 50-500  17 17 19 25 78 
Western Himalayan Broadleaf Forest 1000-2500 50-500     17 17 
Lower Gangetic Plains 45-250 500-1000 34  17   51 
Upper Gangetic Plains 45-250 500-1000    18  18 
 
Site selection 
In each country sharing a stream type sites of different environmental quality were 
selected, in most cases equally distributed over a five class river quality system 
ranging from reference status to bad status. A pre-classification procedure was ap-
plied (Moog & Sharma 2005a), comprising (1) assessment of sensory features, (2) 
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assessment of the abundance of bacteria, fungi and periphyton, and (3) screening of 
the benthic macroinvertebrate assemblage (Table 14). At least 17 sites per stream 
type and country were selected. A set ideally comprised four sampling sites pre-clas-
sified "high", four sites classified "good", three sites classified "moderate", three sites 
classified "poor" and three sites classified "bad". A detailed description of pre-classi-
fied sampling sites and its characteristics is provided for India (Appendix 2_1). Over-
all, 198 sampling sites were selected (Table 13). 
 
Sampling 
Sampling teams were trained in a standardized sampling procedure (based on 
Barbour et al. 1999 and AQEM consortium 2002) to guarantee for harmonized sam-
pling effort in all countries. Sites were ideally sampled twice, post-monsoon (late 
October 2005 to December 2005) and pre-monsoon (mid March 2006 to early June 
2006) resulting in 373 samples. Multi-habitat samples, reflecting the proportion of the 
microhabitat types present with ≥ 5% cover, were taken from each stream site. At 
each site 20 sample units were taken, each notionally of 25 cm x 25 cm dimensions, 
resulting in ca. 1.25 m² of stream bottom being sampled. Macroinvertebrates were 
sorted and identified to the lowest attainable taxonomic level (usually genus). Sam-
ples containing less than 20 specimens due to heavy pollution were not considered in 
the analysis. Consequently, the developed multimetric index can only be applied to 
rivers with a certain degree of “higher” life. 
A total of 38 environmental parameters reflecting river perturbation were recorded at 
each sampling site (Table 15), either in the field, or based on the analysis of water 
samples, or using Geo Information System (GIS). The parameters were selected to 
reflect a range of different stressors from the four stressor types organic pollution, 
eutrophication, land-use in the catchment and degradation of hydromorphology. In 
addition a Land use Index and a Hydromorphology Index are calculated according to 
Hering et al. (2006b) and included into the analysis, with the Land use Index being 
calculated as “% urban areas + 0.5 * % cropland”, assuming that urban area more 
strongly influence the quality of streams than cropland, while the impact of forest and 
pasture is minimal; the Hydromorphology Index is calculated as “% shoreline covered 
with woody riparian vegetation + % no bank fixation + % no bed fixation - (stagna-
tion * 100) - (straightening * 100)” reflecting habitat degradation. 
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Table 14: Parameters applied to pre-classify the impact of pollution according to Moog 
& Sharma (2005a). Simplified. 
Assessment features Parameter 
Sensory features 
Non natural turbidity 
Non natural colour 
Foam 
Odor 
Waste dumping 
Ferro-sulphide reduction (lentic 
zones) 
% mud with aerobic surface 
% mud with anaerobic surface 
% lower surface of stones 
% upper and lower surface of stones 
Ferro-sulphide reduction (lotic 
zones) 
% mud with aerobic surface 
% mud with anaerobic surface 
% lower surface of stones 
% upper and lower surface of stones 
Bacteria, fungi, periphyton 
Abundance of sewage fungi & bacteria (visible with 
the naked eye) 
Abundance of sulphur bacteria (visible with the naked 
eye) 
Abundance of stones with algal vegetation (periphy-
ton) in thin layers 
% of thick, significant layers of algae 
Abundance of filamentous green algae 
Benthic macroinvertebrates 
Species richness (five abundance classes) 
Abundance of different clean water taxa according to 
BMWP/NEPBIOS (Sharma & Moog 2005) 
Abundance of different tolerant taxa (leeches, red 
Chironomids, Tubificidae, Air-breathing insects, Hy-
dropsychidae) 
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Table 15: Environmental parameters used for PCA. 
Stressor type Abbrev. Parameter Transform. 
D_FOR % deciduous native forest Arcsin sq.root
C_FOR % coniferous native forest Arcsin sq.root
FOR % forest (D_FOR+M_FOR) Arcsin sq.root
N__UNV % naturally unvegetated Arcsin sq.root
CROP % crop land (tillage, lowland) Arcsin sq.root
PAST % pasture Arcsin sq.root
O_GRA % open grass-/bushland (natural) Arcsin sq.root
URB % urban sites Arcsin sq.root
VILL % villages Arcsin sq.root
LUI Land use Index Arcsin sq.root
S_ZEN % shading at zenith Arcsin sq.root
Land-use in the catchment 
R_BED Removal mineral bed material (yes/no) Arcsin sq.root
W_RIP % average density of wooded riparian vegetation Arcsin sq.root
BA_FIX % bank fixation Arcsin sq.root
BE_FIX % bed fixation Arcsin sq.root
R_VEG Removal/lack of natural catchment vegetation (yes/no) Log 10 
F_TYP Number flow types Log 10 
L_IMP Longitudinal impoundments at sampling site (yes/no) Log 10 
Hydromorphology 
HYI Hydromorphology Index Arcsin sq.root
NS_POL Non-source pollution (yes/no) Log 10 
S_OVE Sewage overflows (yes/no) Log 10 
EUT Signs of eutrophication (yes/no) Log 10 
W_USE Number of water uses Log 10 
FISH Fisheries (yes/no) Log 10 
C_WAT Cattle watering place (yes/no) Log 10 
RUB Rubbish (yes/no) Log 10 
FAE Faeces (yes/no) Log 10 
WAS Washing/bath (yes/no) Log 10 
FOA Foam (yes/no) Log 10 
TUR Turbidity (yes/no) Log 10 
CON Conductivity (µS/cm), field Log 10 
OXY Oxygen saturation (%), field Log 10 
CHL Chloride (mg/l), field, laboratory Log 10 
BOD BOD (mg/l), laboratory Log 10 
NIT Nitrate (mg/l), field, laboratory Log 10 
O_PHO Ortho-phosphate (µg/l), laboratory Log 10 
E_COL E-coli (n/100 ml), laboratory Log 10 
Organic pollution/eutrophica-
tion 
AMM Ammonium (mg/l), laboratory Log 10 
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2.2.2 Gradient analysis 
Principal Component Analysis (PCA) was applied to reduce the dimensionality of the 
environmental dataset and to define proxies for the impact of the addressed stress-
ors. Parameters were transformed as shown in Table 15. As I aimed at the develop-
ment of a stressor-specific assessment system, four individual PCA gradients for 
mountain and lowland streams were constructed, restricted to parameters reflecting 
the stressor types organic pollution, eutrophication, land-use in the catchment and 
degradation of hydromorphology. As the development of a stressor type specific 
analysis demands for sampling sites not severely impacted by a second stressor, 
threshold values were applied to exclude sampling sites heavily impacted by another 
stressor (BOD5 > 6mg/l; Ortho-phosphate ≥ 700 µg/l for lowland and ≥ 600 µg/l for 
mountainous rivers; Land use Index > 40 for lowland and > 30 for mountainous riv-
ers; Hydromorphology Index > 0). From each analysis I selected a) the two most 
important independent environmental parameters, i.e. strongest explanatory power in 
the PCA and b) the values of PCA axes 1 and 2 as independent variables for the se-
lection of biotic indices. PCA analysis was conducted with 4.1 CanoDraw for Win-
dows (1999-2003, Petr Smilauer), 4.51 CANOCO for Windows (1997-2003, F. ter 
Braak and P. Smilauer). 
2.2.3 Metrics: Calculation and selection 
Metric calculations 
A total of 28 metrics (Table 16) were calculated with the taxalists of the 373 benthic 
invertebrate samples to be correlated against the selected environmental parame-
ters. These metrics have been used in previous studies from other regions to detect 
river perturbation caused by organic pollution, eutrophication, hydromorphological 
impact and land-use of the catchment (Barbour et al. 1996, Sponseller et al. 2001, 
Lorenz et al. 2004, Sandin & Hering 2004). Metrics were based on relative abun-
dance (%), abundance classes (Ab_cl) (Table 3) and individual numbers (No) and 
and were beforehand assigned to metric types: (1) Composition/abundance metrics 
(C/A-metrics) provide different classes of information. They may give the relative 
proportion of a taxon or taxonomic group with respect to its total number or abun-
dance, respectively. The rationale is that a stable community under reference condi-
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tions will be relatively consistence in its proportional representation, though measur-
ing of individual abundances may vary in magnitude. Abundance of key taxa, e.g. 
Ephemeroptera, Plecoptera and Trichoptera (EPT) provide information about the 
condition of the targeted assemblage. (2) Richness/diversity metrics (R/D-metrics) 
reflect the diversity of the community. They measure the availability of habitat, food 
source, and other requirements to support survival and propagation of many species. 
Increasing metric values correlate with increasing health of the community. Diversity 
metrics are number of families, genera, or lower taxa within a certain taxonomical 
entity, including all diversity indices. (3) Sensitivity/tolerance metrics (S/T-metrics) 
give taxa known to respond sensitively or tolerantly to a stressor or a single aspect of 
the stressor, respectively. (4) Functional metrics (F-metrics) give ecological function 
of taxa, e.g. feeding types, substrate preferences, current preferences, life cycle pa-
rameters and others. They reflect habitat type and quality of the observed river 
stretch and can be compared with the belonging situation under reference condition 
(Barbour et al. 1999, Hering et al. 2006a) (Table 16). Metrics were calculated with 
MICROSOFT OFFICE EXCEL 2003 SP3 (1985-2003, Microsoft Corporation). 
 
Table 16: Metrics investigated. EPT = Ephemeroptera, Plecoptera, Trichoptera. Metrics 
EPT, Ephemeroptera, Plecoptera, Trichoptera and Diptera were applied on species 
(SP), genus (GEN) and family (FAM) level. Composition/abundance metrics on relative 
abundance level and individual abundance level. For rationale of metrics see chapter 
“Metric calculation” and “Discussion”. Table continues page 55. 
Metric type Metric Definition 
Expected 
response to 
increasing 
stress 
EPT 
Metric measures relative abundance of 
Ephemeroptera, Plecoptera and 
Trichoptera 
Decrease 
Ephemeroptera Metric measures relative  abundance of Ephemeroptera Decrease 
Trichoptera Metric measures relative abundance of Trichoptera Decrease 
Plecoptera Metric measures relative abundance of Plecoptera Decrease 
Composition/abundance 
(C/A-metrics) 
Diptera Metric measures abundance of Diptera Increase 
No Taxa Metric counts all taxonomical units Decrease 
No Families Metric counts all families Decrease 
No Genus Metric counts all genera Decrease 
No Species Metric counts all species Decrease 
No Individuals Metric counts all individuals Decrease 
Richness/diversity 
(R/D-metrics) 
No EPT-taxa 
Metric measures abundance of 
Ephemeroptera, Plecoptera and 
Trichoptera 
Decrease 
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Metric type Metric Definition 
Expected 
response to 
increasing 
stress 
No Ephemeroptera 
taxa 
Metric measures abundance of 
Ephemeroptera Decrease 
No Trichoptera taxa Metric measures abundance of Trichoptera Decrease 
No Plecoptera taxa Metric measures abundance of Ple-coptera Decrease 
No Diptera taxa Metric measures abundance of Diptera Increase 
Shannon-Wiener Di-
versity 
Metric explains the homogeneity of 
taxa distribution 
(Shannon and Weaver 1976) 
Decrease 
Evenness Diversity Metric gives the maximum diversity of a given SHAN (Meschkowski 1968) Decrease 
Margalef Diversity Relation between all taxa to total amount of individuals (Margalef 1969) Decrease 
Maximum Diversity 
Metric gives the degree to which all 
taxonomical units are equal distributed 
(Meschkowski 1968) 
Decrease 
Oligochaeta Metric measures abundance of Oli-gochaeta Increase 
Chironomidae Metric measures abundance of Chi-ronomidae individuals Increase 
Batidae-Simuliidae-
Hydropsychidae-Chi-
ronomidae 
Metric counts Baetidae 
(BA),Simuliidae (SI), Hydropsychidae 
(HY) and Chironomidae (CH) 
Increase 
Sensitivity/tolerance 
(S/T-metrics) 
BMWP and ASPT 
(NEPBIOS) 
Biological Monitoring Working Party. 
Average Score Per Taxon. Taxa were 
classified according to their sensitivity 
to organic pollution (Armitage et al. 
1983); BMWP and ASPT were used 
which were adapted by Sharma and 
Moog (2005) to the rivers in Nepal 
(NEPBIOS) 
Decrease 
Pelal preference Metric counts the taxonomical units with mud preferences Decrease 
No Lithobiont Metric counts the taxonomical units only living on stones Decrease 
No Lithophil 
Metric counts the taxonomical units 
living preferably on stones but also on 
other substrates 
Decrease 
No Lithal 
Metric counts the taxonomical units 
with stone preferences (Lithobiont + 
Lithophil) 
Decrease 
Functional 
(F-metrics) 
No Lotic Metric counts the taxonomical units with preferences to high flow velocities Decrease 
 
Selection of candidate metrics 
Candidate metrics were selected for each stream type and stressor type separately. 
Metrics responding monotonically to the increase or decrease of environmental 
stress were considered most suitable. Frequency scatter plots in combination with 
Spearman rank correlation (threshold r > 0.5) were applied to correlate metrics 
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against environmental parameters. In addition sampling sites were divided into 
stressed (threshold value 33% percentile) and unstressed (threshold value 67% per-
centile) sites with respect to a given stressor. A metric was selected as candidate if 
the interquartiles (25%/75% percentile) of stressed and unstressed sampling sites 
were not overlapping (Vlek et al. 2004). The aim was to select three metrics per met-
ric type and stressor. If less than three metrics met this criterion, I considered metrics 
for which interquartile ranges of the 30%/70% percentile were not overlapping. This 
statistical procedure was restricted to ecologically meaningful metrics, i.e. those con-
sistent with ecological principles and biological knowledge. Frequency scatterplots, 
Spearman rank correlation, and Box and Whisker plots were performed with STA-
TISTICA 6.1 (1984-2003, StatSoft Inc). 
 
Selection and processing of core metrics 
To select core metrics to be included into the multimetric index from the set of candi-
date metrics the following rules were applied: (1) Core metrics should cover different 
metric types (see above), and (2) metrics should not give redundant information. In-
ter-correlation tests between candidate metrics were carried out to detect redundant 
metrics (threshold value Spearman's r > 0.75). Of correlating metrics I kept those in-
creasing or decreasing with stress intensity in a more monotonic way (graphical 
analysis of scatterplots) and separating stressed and unstressed sampling sites more 
clearly (graphical analysis of Box and Whisker plots). Furthermore, I considered the 
overall correlation to the selected metrics. 
The range of the selected core metrics was restricted through “upper and lower an-
chor values”, with the upper anchor (95% percentile) corresponding to reference con-
ditions and the lower anchor (5% percentile) to heavily impacted sites. The different 
numerical scales of metrics (e.g. %, abundance class, number of individuals) were 
normalized to unitless scores between 0 and 1. Finally, a metric was selected as a 
core metric if 75% of the normalized metric values in sites pre-classified as "high" 
and "good" obtained values ≥  0.5 (“75%-rule”) and if the coefficients of variance 
(C.V.) was < 1. The “75%-rule” in combination with the C.V. should guarantee for 
robust and reproducible core metrics (Figure 12). 
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Figure 12: Example “75%-rule”. Candidate metric 1 passes threshold criteria, because 
75% of its values are > 0.5. Candidate metric 2 failed, because more than 75% of its 
values are < 0.5 (25% percentile 0.4). 
 
2.2.4 Calculation of the multimetric index  
The multimetric index for the Hindu Kush-Himalaya region (“HKHindex”) was calcu-
lated as the mean of the normalized core metric results, which is the basis for a clas-
sification of sites into five quality classes (“high”, “good”, “moderate”, “poor”, and 
“bad”), expressing the deviation from reference conditions. The 25% percentile value 
of a single core metric under reference conditions (sites pre-classified “high”) was 
defined as threshold value for class "high". This value takes the natural variability of 
core metric values under reference conditions into account. The quality classes 
“good” to “bad” were evenly spread over the range that was left after setting the 
boundary for class “high”. 
 
2.2.5 Seasonal effects 
I tested if the core metrics are affected by seasonality or if metrics are robust enough 
to allow sampling during the entire dry season. Pre- and post-monsoon metric values 
were tested for differences (Mann-Whitney U-test). Only sampling sites that were 
pre-classified “high” or “good” (reference sites) were considered for this analysis. 
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Figure 13 summarizes the procedure for the development of the multimetric index. 
 
MHS sampling
Identification (all animals)
site protocol
Organic pollution gradients
Eutrophication gradients
Hydromorphology gradients
Land-use gradients
Stream types ST 1-5 (ecoregion, catchment, altitude, hydrology)
Pre-classification (range: 5 quality classes)
PCA (stressor specific)
Most important gradients of:
Biological data
Metrics
ST 1
YES => Candidate metrics
Test on robustness:
Reference sites: 75% of  standardized metric values > 0.5? AND coefficient of variance < 1?
YES => Core metrics
NO => Candidate metrics
Spearman rank correlation AND Box and Whisker plots
Are candidate metrics inter-correlating?
Are metrics responsive to stress?
Class boundaries:
Threshold class “high”: Mean of 25% percentiles 
of all core metrics under reference conditions 
Class 2-5 evenly spread over range left
Five quality classes
Following procedure for all stream types
+
(Richness/Diversity, 
Composition/abundance, Tolerance, 
Functional)
selection of
stressors
Stressor specific:
Candidate metrics
Spearman rank correlation, selection criteria
Eutrophication, Organic pollution, Land-
use, Hydromorphology,  PCA axis values
Mean of all core metrics Multimetric index
 
Figure 13: Procedure for the development of the multimetric index. MHS = Multi-Habi-
tat sampling. PCA = Principal Component Analysis. Simplified. 
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2.3 Results 
2.3.1 Gradient analysis 
According to PCA results, the parameters that best reflect the variability in the envi-
ronmental datasets are widely similar for mountain and lowland streams (Figure 14). 
BOD and E-coli are best reflecting the variability of the environmental parameters 
representing organic pollution. The vectors of these variables display nearly a right 
angle those for the mountain and for the lowland stream dataset, suggesting inde-
pendence from each other and explaining different portions of the dataset’s variabil-
ity. In the lowland dataset E-coli and BOD are almost parallel to PCA axes 1 and 2, 
respectively, hence well reflecting the overall variability within the data set. In the 
mountain dataset the arrangements of sites parallel to the second PCA axis reveals 
another important gradient independent of the selected environmental parameters 
(Figure 14). Ortho-phosphate is best represented eutrophication stress, both in the 
lowland and mountain sampling sites, supplemented by nitrate (lowland) and con-
ductivity (mountains) (Figure 14). The Landuse Index is generally best reflecting 
variability in the catchment land-use dataset, while % forest is the second important 
gradient for the mountain sampling sites and % cropland and % villages for the 
lowlands. Of the two latter, % villages was selected, because sampling sites are 
more lined up along this gradient than along % cropland (Figure 14). Average density 
of wooded riparian vegetation and % bank fixation are the most important gradients 
in the hydromorphological stressor group. These two parameters best explain the 
variability within both in the mountainous rivers and in the lowland rivers data set. 
(Figure 14). In addition to these parameters I used the PCA values of axis 1 and 2 as 
independent variables for subsequent analysis. 
  Development of a Multimetric Index  60 
Eutrophication
Mountain sampling sites Lowland sampling sites
Land-use
Hydromorphology
Organic pollution
-1.0 1.5
-0
.6
1.
0
E_COL
S_OVE
C_WAT
W_USE
RUB
FAE
BOD
AMM
-1.0 1.0
-0
.6
1.
0
HYI
S_ZEN
R_BED
W_RIP
BE_FIX
BA_FIX
R_VEG
F_TYP
flt
-0.6 1.2
-1
.0
1.
0
S_OVE
EUT
W_USE
RUB
WAS
FISH
FOA
CON
TUR
OXY
NIT
O_PHO
-1.0 1.0
-0
.6
1.
0
HYI
S_ZEN
R_BED
W_RIP
BE_FIX
BA_FIX
L_IMP
R_VEG
F_TYP
-1.0 1.0
-0
.6
1.
0
O_GRAS
CROP
F_TYP
VILL
FOR
LUI
-1.5 1.0
-0
.6
1.
2
C_WAT
FOA
OXY
BOD
E_COL
-0.6 1.2
-1
.0
1.
0
EUT
W_USE
WASFOA
CON
TUR
CHL
BOD
NIT
O_PHO
-1.0 1.0
-1
.0
1.
0
LUI
D_FOR
C_FOR
O_GRAS
N_UNV
CROP
PAST
FOR
-0
.6
1.
0
-0
.6
1.
0
-1
.0
1.
0
-0
.6
1.
0
-0
.6
1.
0
-0
.6
1.
2
-1
.0
1.
0
-1
.0
1.
0
 
Figure 14: PCA biplots of environmental parameters representing different stressor 
types for lowland and mountain rivers. Arrows = environmental parameters. Circles = 
sampling sites. For abbreviations of environmental gradients see Table 15. 
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2.3.2 Metrics: Selection of candidate and core metrics 
For each stream type at least six candidate metrics passed the threshold criteria (for 
figures of all candidate metrics see Appendix 2_2). However, only rivers of the East-
ern Himalayan Broadleaf Forest reveal at least three metrics per stressor type. In all 
stream types the abundance of Ephemeroptera, Plecoptera and Trichoptera (EPT) 
taxa decrease with the intensity of all four stressor types. In four out of five stream 
types (exception Lower Gangetic Plains) diversity indices qualify as candidate met-
rics for the detection of all stressor types. BMWP and ASPT were selected in all eco-
regions as indicators to detect organic pollution and/or eutrophication. Only in the 
ecoregions of Eastern Himalayan Broadleaf Forest and Upper Gangetic Plains do the 
functional metrics respond to stream deterioration (Table 17). 
 
Himalayan Subtropical Pine Forest 
13 candidate metrics were detected which passed the threshold criteria. Nine metrics 
indicate eutrophication, eight organic pollution, and only one land-use of the catch-
ment. % EPT FAM, No EPT FAM, Margalef Diversity, ASPT and BMWP detect both 
eutrophication and organic pollution. Altogether, eight candidate metrics are related 
to some aspect EPT. The three selected diversity indices mostly detect eutrophica-
tion and organic pollution (Table 17). Of the metrics addressing EPT, which were 
usually correlated, I selected % EPT FAM as core metric, because it reflects river 
perturbation caused by eutrophication and organic pollution (Table 17, Table 18, 
Figure 15). Of the correlated diversity indices I selected Margalef Diversity as it is 
slightly better correlating to organic pollution (Table 17, Table 18, Figure 15). Overall, 
seven metrics (two C/A-metrics, three R/D-metrics and two S/T-metric) were selected 
as potential core metrics, which mainly integrate the impact of organic pollution and 
eutrophication; in addition, only the metric “Ab_cl Plecoptera IND” reflects land-use 
intensity (Table 17).  
The standardized values of three potential core metrics (% Ephemeroptera FAM, 
Ab_cl Plecoptera IND and Ab_cl Chironomidae IND) vary strongly between reference 
sites, i.e. less than 75% of standardized metric values increased 0.5 (“75%-rule”). 
Thus, they were removed from the set of candidate metrics leading finally to four core 
metrics (Table 23). 
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Eastern Himalayan Broadleaf Forest 
Compared to the other mountainous ecoregions, the highest number of metrics re-
sponds significantly to river deterioration within this ecoregion resulting in 16 can-
didate metrics. For each stressor type at least four metrics were detected which are 
responsive to river perturbation. Again, most candidate metrics are derived from EPT 
(six metrics) detecting all four stressor types. The four diversity indices indicate eu-
trophication, hydromorphological impact and land-use of the catchment. Nine metrics 
detect more than one stressor type (Table 17). Seven metrics (three R/D-metrics, 
three S/T-metrics and one F-metric) were selected as potential core metrics, all of 
which are capable to indicate the impact all of the stressor types investigated (Table 
17). As in other ecoregions, metrics addressing EPT taxa were highly inter-correlat-
ing (Table 19); I selected No EPT FAM (Figure 16) and No Ephemeroptera FAM as 
they best detect organic pollution, eutrophication, land-use pressure and hydromor-
phological degradation (Table 17). Of the highly correlated diversity indices (Table 
19) I selected Shannon-Wiener Index, as it responds slightly stronger than other 
diversity indices (Table 17, Figure 16). Finally six core metrics are used for calculat-
ing of the multimetric index (Table 23). 
 
Western Himalayan Broadleaf Forest 
Only eight candidate metrics were obtained that respond to perturbation (Table 17). 
Inter-correlation tests revealed strong linkage between three tolerance metrics. 
(Table 20); the metric Ab_cl Baetidae-Simuliidae-Hydropsychidae-Chironomidae IND 
was selected as potential core metric as it reacts most strongly to eutrophication 
(Table 17, Figure 17). The core metrics detect eutrophication (six metrics), hydromor-
phological degradation (% Plecoptera FAM) and land-use pressure (Margalef Diver-
sity) (Figure 17), and belong to three different metric types; two C/A-metrics, one 
R/D-metric and two S/T-metrics (Table 17, Table 23). 
 
Upper Gangetic Plains 
Altogether 16 candidate were obtained from the gradient-metric analysis, which 
mostly detect land-use in the catchment (14 metrics), belonging to all of the four met-
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ric types (Table 17). Nevertheless, out of the 16 candidate metrics only four metrics 
remained which are not inter-correlated with each other (Table 21). % Ephemerop-
tera FAM was selected from the set of EPT metrics, as it rarely correlates with other 
metrics (Table 21). Shannon-Wiener diversity was selected as diversity metric as it 
best separate stressed from unstressed sampling sites (Figure 18). Sampling sites 
which are heavily affected by land-use are clearly separated from unstressed sam-
pling sites by BMWP (Figure 18). Consequently, the other sensitivity metrics, which 
are correlated with BMWP, were removed. The functional metric 
Ab_cl Lithobiont IND, which indicates land-use in the catchment, was removed from 
the analysis, because standardized metric values are highly variable in reference site 
leading finally to three core metrics (Table 23). 
 
Lower Gangetic Plains 
Only six candidate metrics were extracted from the gradient-metric analysis (Table 
17). % EPT FAM (Figure 19) was kept as a potential core metric, because separation 
between stressed and unstressed sites is better than for No EPT GEN, especially if 
non-outlier range is also considered (Appendix 2_2). Finally three metrics remained 
as potential core metrics (one C/A-metric and two S/T-metrics). However, Ab_cl Oli-
gochaeta is the only metric passing threshold criteria showing robust value, in con-
trast % EPT FAM and BMWP exhibit a large range under reference conditions (Table 
23).  
 
2.3.3 Calculation of the multimetric Index 
Table 24 gives the range of the indices for each of the five river quality classes. Natu-
ral variability between stream types for class boundary between “high” and “good” 
ranges from 0.5 to 0.68. 
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2.3.4 Seasonal effects 
Of 22 core metrics only two show significant abundance differences in reference sites 
between pre-monsoon and post-monsoon season (Mann-Whitney U-Test), namely 
% EPT IND and Ab_cl Baetidae-Simuliidae-Hydropsychidae-Chironomidae in the 
Western Himalayan Broadleaf Forest (Table 23). 
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Figure 15: Example core metrics Himalayan Subtropical Pine Forest. OP = Organic 
pollution. MARG = Margalef Diversity. r = Spearman rank correlation. 
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Figure 16: Example core metrics Eastern Himalayan Broadleaf Forest. LU = Land-use. 
EU = Eutrophication. SHAN = Shannon-Wiener Diversity. O_PHO = Ortho phosphate. r 
= Spearman rank correlation. 
  Development of a Multimetric Index  65 
-1 0 1
PCA axis 2, stressor: EU
2
4
6
8
10
12
14
16
18
A
b_
cl
 B
A
 S
I H
Y 
C
H
 IN
D r = -0.67
unstressed stressed
FOR, stressor: LU, 25/75
1,0
1,5
2,0
2,5
3,0
3,5
4,0
M
A
R
G
 
Figure 17: Example core metrics Western Himalayan Broadleaf Forest. Ab_cl = Abun-
dance class. EU = Eutrophication. FOR = % forest catchment. LU = Land-use. BA SI HY 
CH = Baetidae-Simuliidae-Hydropsychidae-Chironomidae. MARG = Margalef Diversity. 
25/75 = Box shows 25%-75% Interquartile range. r = Spearman rank correlation. 
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Figure 18: Example core metrics Upper Gangetic Plains. LU = Land-use. LUI = Lan-
duse Index. SHAN = Shannon-Wiener Diversity. 25/75 = Box shows 25%-75% Inter-
quartile range. 
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Figure 19: Example core metrics Lower Gangetic Plains. Ab_cl = Abundance class. 
E_COL = E-coli counts. OP = Organic pollution. OLIG = Oligochaeta. 30/70 = Box 
shows 30%-70% Interquartile range. 
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Table 17: Candidate metrics per stream type and stressor type. x = metrics meeting the “non-overlapping (n-o)” criteria with at least 
one environmental gradient of the according stressor type. Corresponding figures in the Appendix 2_2. Ab_cl = Abundance class. 
Table continues page 67-68. 
Candidate metrics Metric type 
Spearman r > 0.5 and continuous increase 
or decrease 
Non overlapping of 
25%/75% interquartile 
Non overlapping of 
30%/70% interquartile 
  Eutro-
phication 
(EU) 
Organic 
pollution 
(OP) 
Hydromor-
phology 
(H-M) 
Land-
use 
(LU) 
EU OP H-M LU EU OP H-M LU 
Himalayan Subtropical Pine Forest             
% EPT FAM C/A -0.56 -0.56           
% Trichoptera FAM C/A -0.57            
% Ephemeroptera FAM C/A          x   
No EPT FAM R/D  -0.52   x        
No Ephemeroptera GEN R/D      x       
No Trichoptera FAM R/D     x        
Margalef Diversity R/D  -0.54   x        
Shannon-Wiener Diversity R/D  -0.51           
Evenness R/D     x        
Ab_cl Plecoptera IND R/D        x     
Ab_cl Chironomidae IND S/T     x        
ASPT S/T     x x       
BMWP S/T     x     x   
Eastern Himalayan Broadleaf Forest             
% Trichoptera IND C/A     x        
No EPT FAM R/D   -0.66 0.58         
No Ephemeroptera FAM R/D -0.57     x x      
No Trichoptera FAM R/D       x      
No Trichoptera GEN R/D       x      
No Families R/D    0.62 x        
Evenness R/D     x  x x     
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Candidate metrics Metric type 
Spearman r > 0.5 and continuous increase 
or decrease 
Non overlapping of 
25%/75% interquartile 
Non overlapping of 
30%/70% interquartile 
  Eutro-
phication 
(EU) 
Organic 
pollution 
(OP) 
Hydromor-
phology 
(H-M) 
Land-
use 
(LU) 
EU OP H-M LU EU OP H-M LU 
Margalef Diversity R/D -0.63  -0.65 0.69         
Maximum Diversity R/D       x      
Shannon-Wiener Diversity R/D -0.66   0.65   x      
Ab_cl Diptera IND R/D     x        
Ab_cl Plecoptera IND R/D   -0.66  x x       
Ab_cl Oligochaeta IND S/T 0.62            
Ab_cl Chironomidae IND S/T     x        
ASPT S/T -0.65     x       
Ab_cl Lithophil IND F -0.62     x x x     
Western Himalayan Broadleaf Forest             
% Plecoptera FAM C/A       x      
% EPT IND C/A     x        
% Diptera IND C/A     x        
Ab_cl Diptera IND R/D -0.62            
Margalef Diversity R/D        x     
Ab_cl Batidae-Simuliidae-Hydropsychidae-
Chironomidae IND S/T -0.67            
Ab_cl Chironomidae IND S/T -0.66            
ASPT S/T     x        
Upper Gangetic Plains             
% EPT FAM C/A        x     
% Trichoptera FAM C/A        x     
% Ephemeroptera FAM C/A        x     
% Diptera FAM C/A            x 
Ab_cl Diptera IND R/D     x  x      
Ab_cl Ephemeroptera IND R/D        x     
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Candidate metrics Metric type 
Spearman r > 0.5 and continuous increase 
or decrease 
Non overlapping of 
25%/75% interquartile 
Non overlapping of 
30%/70% interquartile 
  Eutro-
phication 
(EU) 
Organic 
pollution 
(OP) 
Hydromor-
phology 
(H-M) 
Land-
use 
(LU) 
EU OP H-M LU EU OP H-M LU 
No EPT FAM R/D        x     
No Trichoptera FAM R/D        x     
Evenness R/D        x     
Shannon-Wiener Diversity R/D        x     
BMWP S/T        x     
ASPT S/T        x     
Ab_cl Chironomidae IND S/T       x      
Ab_cl Batidae-Simuliidae-Hydropsychidae-
Chironomidae IND S/T        x     
Ab_cl Lithal IND F        x     
Ab_cl Lithobiont IND F        x     
Lower Gangetic Plain             
% EPT FAM C/A          x   
Ab_cl Ephemeroptera IND R/D      x       
No EPT GEN R/D     x x       
No Families R/D            x 
Ab_cl Oligochaeta IND S/T          x   
BMWP S/T            x 
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Table 18: Spearman rank correlation coefficients (r) of candidate metrics for the ecoregion Himalayan Subtropical Pine Forest. r > 
0.75 with asterisks. EPT = Ephemeroptera, Plecoptera, Trichoptera, TRICH = Trichoptera, EPH = Ephemeroptera, PLEC = Plecoptera, 
MARG = Margalef Diversity, SHAN = Shannon-Wiener Diversity, EVEN = Evenness, CHIRO = Chironomidae. Ab_cl = Abundance class. 
Himalayan Sub-
tropical Pine Forest 
% EPT 
FAM 
% 
TRICH 
FAM 
% EPH 
FAM 
Ab_cl 
PLEC 
No EPT 
GEN 
No EPT 
FAM 
No 
EPH 
GEN 
No 
TRICH 
FAM 
MARG SHAN EVEN ASPT Ab_cl CHIRO BMWP 
% EPT FAM 1.00              
% TRICH FAM 0.85* 1.00             
% EPH FAM 0.66 0.30 1.00            
Ab_cl PLEC 0.45 0.43 0.03 1.00           
No EPT GEN 0.56 0.64 0.33 0.36 1.00          
No EPT FAM 0.78* 0.85* 0.42 0.53 0.78* 1.00         
No EPH GEN 0.65 0.63 0.54 0.47 0.74 0.87* 1.00        
No TRICH FAM 0.74 0.93* 0.23 0.49 0.75* 0.95* 0.74 1.00       
MARG 0.40 0.53 0.18 0.54 0.59 0.79* 0.80* 0.73 1.00      
SHAN 0.46 0.52 0.30 0.44 0.57 0.72 0.75* 0.66 0.87* 1.00     
EVEN 0.39 0.33 0.36 0.31 0.27 0.43 0.46 0.38 0.57 0.85* 1.00    
ASPT 0.70 0.65 0.31 0.57 0.52 0.64 0.52 0.63 0.38 0.39 0.31 1.00   
Ab_cl CHIRO -0.26 -0.19 -0.10 -0.40 -0.07 -0.09 -0.09 -0.11 -0.11 -0.17 -0.37 -0.25 1.00  
BMWP 0.47 0.62 0.16 0.54 0.75 0.85 0.81 0.81 0.90 0.79 0.46 0.49 -0.08 1.00 
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Table 19: Spearman rank correlation coefficients (r) of candidate metrics for the ecoregion Eastern Himalayan Broadleaf Forest. r > 
0.75 with asterisks TRICH = Trichoptera. EPT = Ephemeroptera, Plecoptera, Trichoptera, EPH = Ephemeroptera, PLEC = Plecoptera, 
EVEN = Evenness, HMAX = Maximum Diversity, MARG = Margalef Diversity, SHAN = Shannon-Wiener Diversity, OLIG = Oligochaeta, 
CHIRO = Chironomidae, LPHIL = Lithophil. Ab_cl = Abundance class. 
Eastern Hima-
layan Broadleaf 
Forest 
% 
TRICH 
IND 
No 
EPT 
FAM 
No 
EPH 
FAM 
No 
PLEC 
FAM 
No 
TRICH 
GEN 
No 
FAM
Ab_cl 
DIP 
Ab_cl 
PLEC EVEN HMAX MARG SHAN
Ab_cl 
OLIG 
Ab_cl 
CHIRO ASPT BMWP
Ab_cl 
LPHIL 
% TRICH IND 1.00                 
No EPT FAM 0.76* 1.00                
No EPH FAM 0.46 0.69 1.00               
No PLEC FAM 0.18 0.79* 0.48 1.00              
No TRICH GEN 0.92* 0.91* 0.44 0.60 1.00             
No FAM 0.00 0.88* 0.80* 0.68 0.74 1.00            
Ab_cl DIP -0.10 0.24 0.04 0.03 0.29 0.14 1.00           
Ab_cl PLEC IND 0.54 0.76* 0.53 0.95* 0.55 0.69 0.03 1.00          
EVEN 0.19 0.29 0.42 0.43 0.13 0.36 -0.27 0.50 1.00         
HMAX 0.56 0.91* 0.80* 0.71 0.78* 0.97* 0.23 0.72 0.35 1.00        
MARG 0.59 0.85* 0.79* 0.73 0.71 0.94* 0.01 0.74 0.51 0.95* 1.00       
SHAN 0.04 0.70 0.74 0.70 0.51 0.79* -0.08 0.75* 0.82* 0.79* 0.88* 1.00      
Ab_cl OLIG IND -0.38 -0.26 -0.12 -0.29 -0.23 -0.08 0.27 -0.31 -0.20 -0.11 -0.24 -0.20 1.00     
Ab_cl CHIRO IND -0.16 0.08 -0.09 -0.09 0.14 -0.01 0.82* -0.11 -0.38 0.06 -0.14 -0.23 0.36 1.00    
ASPT 0.03 0.75* 0.28 0.70 0.70 0.48 0.28 0.66 0.17 0.56 0.52 0.43 -0.51 0.10 1.00   
BMWP 0.01 0.95* 0.73 0.82* 0.82* 0.94* 0.11 0.80* 0.38 0.94* 0.93* 0.78* -0.25 -0.07 0.67 1.00  
Ab_cl LPHIL 0.15 0.68 0.74 0.59 0.48 0.76* -0.07 0.60 0.40 0.78* 0.79* 0.72 -0.15 -0.16 0.33 0.73 1.00 
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Table 20: Spearman rank correlation coefficients (r) of candidate metrics for the ecoregion Western Himalayan Broadleaf Forest. r > 
0.75 with asterisks. PLEC = Plecoptera, EPT = Ephemeroptera, Plecoptera, Trichoptera, DIP = Diptera, MARG = Margalef Diversity, BA-
SI-HY-CH =Baetidae-Simuliidae-Hydropsychidae-Chironomidae, CHIRO = Chironomidae. Ab_cl = Abundance class. 
Western Himalayan 
Broadleaf Forest 
% PLEC 
FAM 
% EPT 
IND 
% DIP 
IND Ab_cl DIP MARG ASPT 
Ab_cl BA SI 
HY CH Ab_cl CHIRO
% PLEC FAM 1.00        
% EPT IND 0.05 1.00       
% DIP IND -0.08 -0.99* 1.00      
Ab_cl DIP -0.20 -0.59 0.63 1.00     
MARG 0.20 0.03 -0.07 0.00 1.00    
ASPT 0.26 0.26 -0.28 -0.07 0.01 1.00   
Ab_cl BA-SI-HY-CH -0.24 -0.56 0.60 0.88* 0.00 -0.23 1.00  
Ab_cl CHIRO -0.30 -0.71 0.76* 0.80* -0.15 -0.33 0.78* 1.00 
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Table 21: Spearman rank correlation coefficients (r) of candidate metrics for the ecoregion Upper Gangetic Plains. r > 0.75 with as-
terisks EPH = Ephemeroptera, EPT = Ephemeroptera, Plecoptera, Trichoptera, TRICH = Trichoptera, SHAN = Shannon-Wiener Diver-
sity, EVEN = Evenness, LBIO = Lithobiont, LITH = Lithal. Ab_cl = Abundance class. 
Upper Gangetic Plains % EPH FAM 
% EPT 
FAM 
% TRICH 
FAM 
No TRICH 
FAM 
Ab_cl EPH 
IND 
No EPH 
FAM 
No EPT 
FAM SHAN EVEN ASPT BMWP
Ab_cl 
LBIO 
Ab_cl 
LITH 
% EPH FAM 1.00             
% EPT FAM 0.82* 1.00            
% TRICH FAM 0.56 0.91* 1.00           
No TRICH FAM 0.53 0.86* 0.93* 1.00          
Ab_cl EPH IND 0.72 0.76* 0.67 0.77* 1.00         
No EPH FAM 0.77* 0.78* 0.64 0.75 0.92* 1.00        
No EPT FAM 0.72 0.86* 0.78* 0.90* 0.91* 0.92* 1.00       
SHAN 0.57 0.76* 0.75* 0.76* 0.62 0.61 0.74 1.00      
EVEN 0.32 0.46 0.45 0.36 0.22 0.20 0.30 0.79* 1.00     
ASPT 0.71 0.90* 0.91* 0.80* 0.55 0.50 0.66 0.80* 0.54 1.00    
BMWP 0.62 0.65 0.62 0.80* 0.89* 0.85* 0.88* 0.63 0.27 0.56 1.00   
Ab_cl LBIO 0.55 0.73 0.72 0.77* 0.75* 0.70 0.78* 0.69 0.32 0.66 0.68 1.00  
Ab_cl LITH 0.68 0.81* 0.73 0.80* 0.82* 0.78* 0.84* 0.76* 0.40 0.73 0.76* 0.90* 1.00 
Table 22: Spearman rank correlation coefficients (r) of candidate metrics for the ecoregion Lower Gangetic Plains. r > 0.75 with as-
terisks, EPT = Ephemeroptera, Plecoptera, Trichoptera, EPH = Ephemeroptera. OLIG = Oligochaeta. Ab_cl = Abundance class. 
Lower Gangetic Plains % EPT FAM No EPT GEN No FAM No EPH IND BMWP Ab_cl OLIG 
% EPT FAM 1.00      
No EPT GEN 0.91* 1.00     
No FAM 0.12 0.43 1.00    
No EPH IND 0.78* 0.85* 0.42 1.00   
BMWP 0.20 0.46 0.89* 0.52 1.00  
Ab_cl OLIG -0.28 -0.12 0.36 -0.15 0.23 1.00 
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Table 23: Statistics of potential core metrics; final core metrics in italics. UA = upper 
anchor value (reference), LA = lower anchor value (heavily stressed). EU = eutrophica-
tion, OP = organic pollution, H-M = hydromorphological degradation, LU = land-use of 
the catchment; p-level derived from comparison of metric values between pre- and 
post monsoon. W_RIP = % average density wooded riparian vegetation. BA-SI-HY-CH 
= Baetidae-Simuliidae-Hydropsychidae-Chironomidae. Ab_cl = Abundance class. 
Metrics / Stream type Stressor “75%-rule” C.V. UA LA p-level
Himalayan Subtropical Pine Forest 
% EPT FAM PCA axis 2, OP 0.61 0.21 68.8 0 0.09 
 Conductivity 0.57     
% Ephemeroptera FAM E-coli 0.49     
Ab_cl Plecoptera IND PCA axis 1, LU 0.25     
Margalef Diversity PCA axis 2, OP 0.52 0.42 7.4 1.07 0.48 
 Conductivity 0.5     
Evenness Conductivity 0.67 0.25 0.86 0.23 0.63 
ASPT Conductivity 0.55 0.16 7.5 1 0.54 
 PCA axis 2, OP 0.59     
Ab_cl Chironomidae IND Conductivity 0.43     
Eastern Himalayan Broadleaf Forest 
No EPT FAM PCA axis 1, H-M 0.39     
 PCA axis 1, LU 0.34     
No Ephemeroptera FAM Ortho-phosphate 0.67 0.3 6 0 0.71 
Shannon-Wiener Diversity Ortho-phosphate 0.73    0.29 
 W_RIP 0.73     
ASPT PCA axis 1, OP 0.86 0.04 7 1 0.34 
 Ortho-phosphate 0.91     
Ab_cl Oligochaeta Ortho-phosphate 0.57 0.39 0 7 0.34 
Ab_cl Chironomidae Ortho-phosphate 0.5 0.7 0 6 0.55 
Ab_cl Lithophil IND Land use Index 0.63 0.23 12 0 0.62 
 W_RIP 0.58     
 Ortho-phosphate 0.5     
 PCA axis 2, OP 0.5     
Western Himalayan Broadleaf Forest 
% Plecoptera FAM PCA axis 1, H-M 0.5 0.72 14.2 0 0.14 
% EPT IND PCA axis 2, EU 0.75 0.35 14.2 0 < 0.01
Margalef Diversity % forest in the catch-ment 0.7 0.21 3.92 0.8 0.25 
ASPT PCA axis 2, EU 0.5 0.24 7.3 1 0.52 
Ab_cl BA-SI-HY-CH PCA axis 2, EU 0.5 0.73 4 16 < 0.01
Upper Gangetic Plains 
% Ephemeroptera FAM PCA axis 1, LU 0.66 0.24 33.3 0 0.13 
Shannon-Wiener Diversity PCA axis 1, LU 0.69 0.32 2.73 0.9 0.67 
BMWP Land use Index 0.52 0.15 146 0 0.61 
Ab_cl Lithobiont IND W_RIP 0.25     
Lower Gangetic Plains 
% EPT FAM PCA axis 2, OP 0.35     
BMWP Land use Index 0.38     
Ab_cl Oligochaeta IND E-coli 0.5 0.5 0 6 0.59 
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Table 24: Water quality class boundaries. 
Ecoregion/Water quality class "High" "Good" "Moderate" "Poor" "Bad" 
Himalayan Subtropical Pine Forest ≥  0.57 ≥  0.43 ≥  0.29 ≥  0.15 < 0.15
Western Himalayan Broadleaf Forest ≥  0.59 ≥  0.44 ≥  0.29 ≥  0.14 < 0.14
Eastern Himalayan Broadleaf Forest ≥  0.68 ≥  0.51 ≥  0.34 ≥  0.17 < 0.17
Upper Gangetic Plains ≥  0.62 ≥  0.46 ≥  0.3 ≥  0.14 < 0.14
Lower Gangetic Plains ≥  0.5 ≥  0.37 ≥  0.24 ≥  0.11 < 0.11
 
2.4 Discussion 
2.4.1 Metrics: Selection of core metrics 
The selection of EPT taxa as core metric in all stream types underlines the worldwide 
suitability of this group for integrative river quality assessment and is in consistence 
with studies from different regions, e.g. Barbour et al. 1999 (North-America), Max-
ted et al. 2000 (North America), Sandin & Hering 2004 (Europe), Ollis et al. 2006 
(South-Africa), Baptista et al. 2007 (South-America). In four of the five stream types 
diversity indices were selected as core metrics. Since diversity indices depend on the 
quality and availability of habitats (Barbour et al. 1999) they reflect the impact of all 
investigated stressors independent of ecoregion boundaries. The metrics ASPT and 
BMWP were selected in all stream types as sensitivity metrics. Both metrics are most 
suitable to detect organic pollution also in other regions, e.g. in Europe 
(Sandin & Hering 2004). The metric Ab_cl Baetidae-Simuliidae-Hydropsychidae-Chi-
ronomidae was developed to detect organic pollution, with which the abundance of 
these families may increase (Buss et al. 2002, Buss & Salles 2007). Suspension 
feeders (Hydropsychidae and Simuliidae), grazers (Baetidae) and oxygen depletion 
resistant collectors (many Chironomidae) may benefit from eutrophication and or-
ganic pollution and may be summed up to reflect pollution status. Only two functional 
metrics describing habitat preferences have been identified as core metrics. Sub-
strate and current preferences are the only functional metrics available for benthic 
macroinvertebrates in the Hindu Kush-Himalaya region (see part one of this thesis). 
Other potentially suited functional metrics such as feedings types (e.g. Rawer-
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Jost et al. 2000, Kerans & Karr 1994) have yet not been defined for the Hindu Kush-
Himalaya fauna. 
 
2.4.2 Development of the multimetric index 
Selection and pre-classification of sampling sites was partly based on the biota 
(Table 14); thus, the development of the multimetric index included a circular compo-
nent. However, the selection of core metrics depended solely on correlation with en-
vironmental parameters. 
Metric values under reference conditions are comparable to values obtained by 
Barbour et al. (1996), Maxted et al. (2000), Ofenböck et al. (2004) and Bap-
tista et al. (2007). When defining class boundaries for reference conditions the natu-
ral range of a metric must be taken into account (e.g. Bailey et al. 2004). Generally, I 
followed the approach used in North America (e.g. Barbour et al. 1996) and Europe 
(Hering et al. 2006a) and used the 25% percentile values of metrics from reference 
sites as the reference class boundary. Additionally, core metric were restricted to 
metrics with 75% of its standardized values in reference sites ≥  0.5 and C.V. < 1. 
The five different class boundaries for class “high” range between 0.5 and 0.68 ex-
hibiting a relatively low threshold value for references. However, each definition to set 
the “reference” boundary for a metric is artificial, because variability of macroinverte-
brate communities and its patterns are multidimensional, and could hence not be 
defined by a single value.  
The development of a stressor type specific multimetric index was not possible for all 
stream types, as the pre-selection of sampling sites mainly accounted for pollution 
parameters and did not target a hydromorphological gradient specifically. Neverthe-
less, the resulting sampling sites exhibit land-use and hydromorphological gradients, 
which are reflected by several metrics: Number and proportion of EPT taxa (Plecop-
tera in particular), Shannon-Wiener and Margalef Diversity indices, BMWP, and 
number of lithobiont taxa. Hydromorphological degradation mainly reflects habitat 
availability (e.g. loss of wooded riparian vegetation or loss of bank habitats due to 
fixation); the biotic metrics mentioned above are all related to habitat availability, as a 
low number of habitats leads to less niches for invertebrate families. This also affects 
metrics such as BMWP which are primarily reflecting river pollution; however, several 
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EPT taxa being sensitive to pollution are affected by habitat availability, too. For the 
Lower Gangetic Plains only a single metric (number of Oligochaeta) was robust, most 
likely due to the lack of reference sites in the sampling scheme. 
 
2.4.3 Seasonal effects 
Brewin et al. (2000) investigated seasonal effects of the monsoon climate on the 
abundance of benthic macroinvertebrates mountain streams in Nepal; in pristine 
sampling sites abundance did not change from post-monsoon to pre-monsoon sea-
son. The results confirmed these findings, because all metrics in the mountainous 
rivers (500-2500 m) do not show significant differences between post- and pre-mon-
soon season. There are two exceptions: % EPT IND and Ab_cl Baetidae-Simuliidae-
Hydropsychidae-Chironomidae show significant seasonal abundance differences in 
the Western Himalayan Broadleaf Forest (Table 23). However, for % EPT IND the 
interquartile range of pre- and post monsoon season broadly overlap. The increased 
abundances of Ab_cl Baetidae-Simuliidae-Hydropsychidae-Chironomidae in the post 
monsoon season may be caused by fast development rates of these taxa, leading to 
more than one generation within one dry season and to an abundance peak in the 
post-monsoon season. 
For the application of the HKH index sampling is possible through the entire dry sea-
son. Nevertheless, I propose sampling in the pre-monsoon season at times of mini-
mum discharge, maximum pollutant concentration and water temperatures. 
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3 Summary and Conclusion 
This thesis investigates the ecology of benthic macroinvertebrates inhabiting rivers in 
the Hindu Kush-Himalaya region, and covered the countries Bangladesh, Bhutan, 
Nepal, India, and Pakistan. In these countries, river monitoring focuses on physical 
and chemical parameters, pollutants, and other human toxic substances. Only in In-
dia and Nepal biological monitoring is applied using the ASPT (Armitage et al. 1983) 
adapted to the indigenous rivers. In none of the countries exists a comprehensive 
assessment method to evaluate rivers as ecosystems, which are mainly ruled by 
various anthropogenic influences. In addition, the knowledge of benthic macroinver-
tebrates for biological monitoring purposes is still incomplete. On this perceived 
need, two objectives become central issues of this thesis: To investigate substrate 
and current preferences of benthic macroinvertebrates as background information for 
river assessment, and to develop a multimetric assessment system for ecological 
river evaluation in the Hindu Kush-Himalaya region. 
In the post-monsoon season of 2005 and the pre-monsoon season of 2006 two stan-
dardized sampling procedures were carried out at 198 rivers in Bangladesh, Bhutan, 
Nepal, India, and Pakistan covering five different ecoregions (based on the WWF 
Global 2000 ecoregions, Olson et al. 2001). To obtain ecological information on 
benthic macroinvertebrates a substrate specific sampling was conducted in near-
natural sampling sites resulting in 271 samples. Substrates were sampled with re-
spect to their relative contribution to riverbed material focusing on the dominant sub-
strate types. In addition, at each sampling site a protocol was applied to record sub-
strate type, current velocity, depth, and distance from shoreline. For the development 
of the multimetric assessment system a Multi-Habitat sampling (based on Barbour et  
al. 1999 and AQEM consortium 2002) was conducted at 373 sampling sites covering 
a gradient from reference sites to heavily impacted sites (Moog & Sharma 2005a). 
Environmental parameters describing organic pollution, eutrophication, land-use, and 
hydromorphology were also recorded at each sampling site. 
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Substrate and Current Preferences of Benthic Macroinvertebrates as Impact Indica-
tors of Hydromorphological Degradation 
The main results of this investigation are summarized in the following: 
 Substrate type and current velocity are the most important explanatory 
variables for the distribution of taxa in pristine lower mountain rivers and 
lowland rivers. 
 50 taxa of Ephemeroptera, Plecoptera, Trichoptera, Coleoptera, Diptera, 
Odonata, Mollusca, and Oligochaeta were detected with significant sub-
strate and/or current preferences. 34 taxa show preferences for stony sub-
strate types mainly comprising Ephemeroptera, and Trichoptera taxa. 
12 Mollusca taxa are assigned to muddy and sandy substrate types. 
11 taxa show significant preferences for faster current velocities of which 
eight are Trichoptera taxa. 
 Taxa showing significant substrate or current preferences are assigned to 
four different metrics. 34 significant stone dwelling taxa are assigned to 
the metric Lithal. The metric Lithobiont comprises 13 taxa which were ex-
clusively found on stones. 21 taxa are allocated to the metric Lithophil, 
which exhibit significant preferences for stones but are also found on other 
substrate types. The metric Lotic consists of 11 taxa with preferences for 
faster current velocities. 
 The metrics Lithal, Lithophil and Lotic are significantly correlated to the de-
gree of hydromorphological impact. The metric Lithobiont has a weaker 
discriminatory power compared to the other metrics. Best results are ob-
tained on abundance class level. Threshold values for the metrics were 
defined to differentiate between sampling sites which are stressed or un-
stressed by hydromorphological deterioration. 
 A 20 point system was developed to quantify substrate and current prefer-
ences. Most taxa prefer small stones (6-20 cm) as life space. Seven taxa 
of Ephemeroptera and Trichoptera were detected showing low ecological 
potential to habitat alteration; hence they are suitable to serve as bioindi-
cators. Most taxa prefer moderate current velocities (11-50 cm/s). 
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Development of a Multimetric Index for Ecological River Quality Assessment 
The main results in terms of the development of an ecological river quality assess-
ment method are summarized in the following: 
 For five different stream types of the Hindu Kush-Himalaya region a 
multimetric assessment system was developed separately, each contain-
ing a set of robust core metrics. The number of core metrics which built 
the multimetric indices range between three and six core metrics per 
stream type. 
 Each multimetric index is able to detect anthropogenic impacts on the river 
ecosystem caused by organic pollution, eutrophication, land-use in the 
catchment, and hydromorphological degradation. 
 The range of the index under reference conditions was defined, account-
ing for the natural range of standardized metric values. A separate five 
class river quality system was generated for each stream type. 
 In all stream types metrics comprising Ephemeroptera, Plecoptera and 
Trichoptera taxa are most suitable for river assessment. Diversity metrics 
and ASPT, BMWP respectively also indicate river deterioration. Stress 
tolerant taxa of Chironomidae, Oligochaeta, Simuliidae, and Hydropsychi-
dae are also useful to evaluate river health. 
 Comparison of metric results derived from post-monsoon and pre-mon-
soon sampling draw the conclusion that multimetric indices are applicable 
during the entire dry season. 
 
Final conclusion and future prospects 
The comparison of the findings in terms of substrate and current preferences with 
published ecological preferences from other bioregions were consistent in all cases. 
Only for very few taxa further preferred substrate types or current velocities have 
been observed in other regions. Likely, species of the investigated genera and fami-
lies have a broader range of substrate and current preference. Since, all of the four 
metrics are inter-correlating, I suggest using only one metric to detect the effects of 
hydromorphological impact. The metric Lotic may also be able to indicate impacts of 
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impoundments on the river ecosystem as it consists of taxa exhibiting preferences for 
faster current velocities. Impoundments lead to the reduction of flow velocity. Other 
ecological functions than substrate and current preferences are also used in other 
parts of the world to indicate anthropogenic influences, e.g. feeding strategies, eco-
logical potential to alterations of water temperature and oxygen concentration. Cur-
rently, this ecological information is not sufficiently available for the Hindu Kush-Hi-
malaya region. In addition, future investigations should focus at species level to ob-
tain useful ecological information; niche concept works on species level, although this 
thesis showed that ecological allocations are also possible at the genus and family 
level. 
 
A multimetric index was developed for all five stream types investigated to detect 
river deterioration caused by human impacts, mainly organic pollution and eutrophi-
cation. Results obtained for the Himalayan Subtropical Pine Forest are based on a 
large set of sampling sites and allow for full application of four robust core metrics. In 
the Eastern Himalayan Broadleaf Forest (34 sampling sites), the Western Himalayan 
Broadleaf Forest (17 sampling sites), and the Upper Gangetic Plains (18 sampling 
sites) the number of sampling sites were relatively low. Hence, relations by chance 
between environmental gradients and metrics could have occurred; however, all 
metrics selected are justified by ecological principles and also used worldwide for 
biomonitoring in other regions. To prove effectiveness of these metrics, additional 
sites should be investigated. I detected only one robust metric in the Lower Gangetic 
Plains; most likely because of the lack of reference sites. Although sampling for the 
multimetric index calculation seems possible during the entire dry season sampling 
should be carried out during the pre-monsoon season at times of minimum discharge 
regimes, maximum temperature and pollutant concentration. 
 
Ecological assessment of river ecosystem health with benthic macroinvertebrates 
requires knowledge of life-cycle, ecological demands and ecological functions of the 
biota with respect to ecosystem processes. This thesis revealed insight in substrate 
and current preferences of benthic macroinvertebrates as impact indicators of hy-
dromorphological degradation, and developed an ecological river assessment tool. 
The findings may be used for integrative river ecosystems assessment. 
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Finally, the thesis makes a small contribution of exploring riverine life of the Hindu 
Kush-Himalaya. The knowledge of river ecosystems still is scarce and riverine life 
and its interrelation within the community and with the environment, especially with 
various anthropogenic impacts, raises many more questions. 
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4 Kurzfassung 
Einleitung 
Die Fließgewässer der Hindu Kush-Himalaya Region werden von Menschen auf 
vielfältigste Weise genutzt und belastet. Hauptbelastungsfaktoren sind Einleitungen 
unbehandelter Industrie- und Haushaltswässer, Landnutzung im Einzugsgebiet und 
Stauungen (SOE Nepal 2001, SOE Bangladesch 2002, SOE Indien 2002, PCRWR 
2002, SOE Bhutan 2004, ICIMOD/ASSESS-HKH 2005). In den Ländern 
Bangladesch, Bhutan, Indien, Nepal und Pakistan werden Fließgewässer überwie-
gend durch die Kontrolle von chemisch-physikalischen Größen, dem biologischen 
Sauerstoffbedarf (BOD), der Anzahl coliformer Bakterien und von human pathogenen 
Stoffen überwacht (Pradhan et al. 2005). Nur in Indien und in Nepal werden lokal 
Bewertungsmethoden angewandt, welche die Lebensgemeinschaft im Gewässer 
berücksichtigen (Central Pollution Control Board 1999, Sharma & Moog 2005, Ne-
semann et al. 2007). Diese Methoden basieren auf dem ASPT und BMWP System 
(Armitage et al. 1983), welche an die lokalen Verhältnisse angepasst wurden. Beide 
Methoden basieren auf der Einstufung von Taxa gegenüber organischer Belastung. 
In keinem der oben genannten Länder gibt es aktuell eine auf dem Makrozoobenthos  
basierende Bewertungsmethode, die eine integrative Bewertung des Ökosystems 
durchführt, also versucht, die Auswirkungen verschiedener Belastungsfaktoren auf 
das Ökosystem zu erfassen. Die Grundlage für die Entwicklung eines solchen Be-
wertungssystems ist das Wissen über die ökologischen Ansprüche der Tiere und 
über Prozesse innerhalb des Ökosystems. Für das Makrozoobenthos der Hindu 
Kush-Himalaya Region ist dieses Wissen aktuell nur spärlich vorhanden (Zusam-
menfassung in: Dudgeon 1999, Yule & Sen 2004). 
 
Ziele der Arbeit 
Die vorliegende Arbeit untersucht das Makrozoobenthos in den Fließgewässern der 
Hindu Kush-Himalaya Region (Bangladesch, Bhutan, Indien, Nepal und Pakistan) in 
Bezug auf dessen Eignung für eine integrative Bewertung von Fließgewässeröko-
systemen. Sie hat zwei Ziele. 
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Erstens sollen durch substratspezifische Aufsammlungen und die Anwendung von 
statistischen Auswertungsmethoden Erkenntnisse zur Ökologie des Makrozoo-
benthos in den Flüssen der Hindu Kush-Himalaya Region erlangt werden, die geeig-
net sind, anthropogene Einflüsse auf das Ökosystem anzuzeigen. Substrat- und 
Strömungspräferenzen werden dafür im Detail untersucht. 
Zweitens soll ein multimetrischer Index zur integrativen Bewertung von Fließgewäs-
serökosystemen der Hindu Kush-Himalaya Region mit dem Makrozoobenthos ent-
wickelt werden. 
Während der Post-Monsun Saison 2005 und der Prä-Monsun Saison 2006 wurden in 
fünf verschiedenen Ökoregionen (WWF Global 2000 ecoregions, Olson et al. 2001) 
der Hindu Kush-Himalaya Region zwei unterschiedliche standardisierte Aufsamm-
lungsmethoden an 198 Fließgewässern durchgeführt. Die Parameter Ökoregion, 
Einzugsgebietsgröße, Höhenlage und Hydrologie (permanent fließend, von Quellen 
gespeist) dient zur Definition einer groben Fließgewässertypologie 
(Moog & Sharma 2005a). Insgesamt werden fünf Fließgewässertypen definiert, die 
von verschiedenen Gruppen des ASSESS-HKH1 Konsortiums besammelt wurden. 
Diese lassen sich grob in Tieflandgewässer (45-250 m über Normal Null) und Mittel-
gebirgsgewässer (500-2500 m) einteilen. Alle Proben wurden mit einem Kescher mit 
500 µm Maschenweite und einer Besammlungsfläche von 25 cm x 25 cm genom-
men. Die aus den beiden Besammlungen stammenden Tiere wurden auf das nied-
rigste mögliche Niveau bestimmt, meist Gattung und Familie. Zur Erlangung autöko-
logischer Informationen über das Makrozoobenthos wurde eine substratspezifische 
Aufsammlung an unbelasteten Probestellen durchgeführt. Insgesamt wurden 271 
                                            
 
 
 
1 ASSESS-HKH = Development of an assessment system to evaluate the ecological status of rivers in 
the Hindu Kush – Himalaya region. Das Projekt wurde von der Europäischen Union (contract number: 
INCO-CT-2005_003659) gefördert und hatte zum Ziel, mehrere biologische Methoden basierend auf 
dem Makrozoobenthos zur Überwachung der Fließgewässer der Hindu Kush – Himalaya Region zu 
entwickeln. 
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Proben genommen. Zusätzlich zur Besammlung wurden am beprobten Substrat, die 
Fließgeschwindigkeit, die Tiefe und die Entfernung zum Ufer aufgenommen. Für die 
Entwicklung des multimetrischen Index wurden auf Grundlage einer Multi-Habitat Be-
sammlungsmethode (Barbour et al. 1999 und AQEM Konsortium 2002) 373 Proben 
genommen. Die Probestellen verteilten sich gleichmäßig auf ein Fünf-Klassen Be-
wertungssystem, das überwiegend Eutrophierung und organische Verschmutzung 
erfasst (Moog & Sharma 2005a). An jeder Probestelle wurden Umweltparameter auf-
genommen, die organische Verschmutzung, Eutrophierung, hydromorphologische 
Degradation sowie die Landnutzung im Einzugsgebiet und der Aue beschreiben. 
Im Folgenden werden die wichtigsten Methoden, Ergebnisse und deren Interpretation 
vorgestellt. 
 
Substrat- und Strömungspräferenzen des Makrozoobenthos in den Flüssen der 
Hindu Kush-Himalaya Region und deren Eignung zur Feststellung von hydromor-
phologischer Fließgewässerdegradation 
 Es wurde untersucht, ob und zu welchem Anteil die aufgenommenen Um-
weltparameter (Substrattyp, Fließgeschwindigkeit, Tiefe, Entfernung zum 
Ufer) die Variabilität im Datensatz erklären. Dafür wurden auf Basis einer 
kanonischen Korrespondenzanalyse (CCA) die jeweiligen Erklärungsan-
teile der Umweltparameter getrennt ermittelt (partielle-CCA) und zudem 
mittels des Monte Carlo Permutationstest überprüft, ob diese Erklärungs-
anteile signifikant sind. 
Die Art des Substrattyps hat den größten Erklärungsanteil an der Vertei-
lung der Taxa im Fließgewässer. Die anderen untersuchten Parameter er-
klären aber auch signifikant die Variabilität im Datensatz und sind somit 
von Bedeutung. 
Diese Ergebnisse werden unterstützt von vielen Untersuchungen, die ei-
nerseits zeigen, dass der Substrattyp von außerordentlicher Wichtigkeit für 
die Zusammensetzung der Makrozoobenthosfauna ist, anderseits andere 
Umweltfaktoren (biotische und abiotische) ebenfalls die Verteilung der 
Taxa im Gewässer entscheidend mitbestimmen (z.B. Cummins & Lauf 
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1968, Minshall & Minshall 1977, Statzner et al. 1988, Rempel et al. 2000, 
Buss et al. 2004). 
 Für die statistische Auswertung zur Ermittlung von signifikanten Substrat- und 
Strömungspräferenzen wurden nur solche Taxa berücksichtigt, die in min-
destens zehn Proben und zusätzlich mit mindestens 30 Individuen vorkamen. 
Um die Wirkung von Massenvorkommen zu reduzieren, wurden die 
Individuenzahlen logarithmiert. Um signifikante Substrat- und Strömungspräfe-
renzen nachzuweisen, wurde für lineare Zusammenhänge (z.B. Präferenz zu 
„großen Steinen“) der Spearman Rang Korrelationstest r (r > 0,05, Signifi-
kanzniveau p < 0,05) und für unimodale Zusammenhänge (z.B. Präferenz zu 
„kleinen Steinen“) der t-value Biplot angewendet. 
50 Taxa zeigen eine signifikante Bindung an bestimmte Substrattypen 
und/oder bestimmte Strömungsverhältnisse. 34 Taxa zeigen signifikante Prä-
ferenzen für Steine. Diese Gruppe setzt sich überwiegend aus Eintagsfliegen 
(Ephemeroptera) und Köcherfliegen (Trichoptera) zusammen. 12 untersuchte 
Mollusken Taxa zeigen eine deutliche Präferenz für schlammige und sandige 
Substrattypen. 11 Taxa zeigen deutliche Präferenzen für gemäßigte bis 
schnellere Fließgeschwindigkeiten (moderate: 11-30 cm/s). Diese Gruppe wird 
überwiegend von Köcherfliegen gebildet. 
Die Ergebnisse wurden mit der zur Verfügung stehenden Literatur aus ver-
schiedenen biogeografischen Regionen verglichen (Ulmer 1955, 1957, Lep-
neva 1964, Stewart & Stark 1993, Merrit & Cummins 1996, Wiggins 1996, 
Stauder 1999, Dudgeon 1999, Yule & Sen 2004, Nesemann et al. 2007, Euro-
limpacs Konsortium 2008). Der Vergleich zeigt Konsistenz in allen Fällen. Für 
fünf Taxa konnte zum ersten Mal Datenmaterial geliefert werden. Für einige 
wenige Taxa nennt die Literatur zusätzliche Präferenzen als die ermittelten. 
Dies hängt wahrscheinlich damit zusammen, dass die Arten der untersuchten 
Familien und Gattungen, weltweit betrachtet, eine breiteren Präferenzbereich 
zeigen. Dementsprechend sind die Ergebnisse nur auf die untersuchten Regi-
onen anzuwenden. Generell kann aus den Ergebnissen geschlossen werden, 
dass die vorgestellte Methode (Besammlung und Auswertung) genutzt werden 
kann, um Informationen zur Autökologie des Makrozoobenthos zu erlangen. 
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 Taxa, die eine signifikante Bindung an steinige Substrate zeigen, wurden zum 
Metric Lithal zusammengefasst. Signifikante Präferenzen zu Steinen wurden 
weiter unterteilt. Zum Metric Lithobiont gehören solche Taxa, die signifikant an 
Steine gebunden sind, aber auch noch auf anderen Substraten vorkommen. 
Zum Metric Lithobiont gehören solche, die ausschließlich auf Steinen zu fin-
den sind. Taxa mit Präferenzen zu schnelleren Fließgeschwindigkeiten 
(Klasse 3-6) wurden zum Metric Lotic zusammengefasst. 
34 Taxa sind zum Metric Lithal zusammengefasst worden. Davon sind 21 dem 
Metric Lithophil und 13 dem Metric Lithobiont zugeteilt worden. Alle drei 
Metrics werden überwiegend von Eintagsfliegen und Köcherfliegen gebildet. 
11 Taxa sind zum Metric Lotic zusammengefasst worden. 
Auch in anderen Teilen der Erde werden Substrat- und Strömungspräferenzen 
verschiedener Taxa zu Metrics zusammengeführt. Diese Metrics werden dann 
für die Fließgewässerbewertung herangezogen (Schmedtje & Colling 1996, 
Meier et al. 2006). 
 Um zu testen, ob die neuen Metrics in der Lage sind, hydromorphologische 
Degradationen von Fließgewässern anzuzeigen, wurden diese auf einen Da-
tensatz angewendet, der einen hydromorphologischen Gradienten widerspie-
gelt. Box und Whisker Plots und der Mann-Whitney U-Test wurden verwendet, 
um diese Fähigkeiten genauer zu prüfen. 
Alle Metrics können die Effekte hydromorphologischer Degradation nachwei-
sen. Die Umwandlung von Individuenzahlen in Abundanzklassen liefert dabei 
die besten Ergebnisse. Die Metrics Lithal, Lithophil und Lotic sind am besten 
geeignet, hydromorphologisch beeinträchtigte Probestellen von nicht beein-
trächtigten zu unterscheiden. Für diese drei Metrics wurden Grenzwerte für 
beeinträchtigte Stellen und nicht beeinträchtigte Stellen definiert. Alle Metrics 
korrelieren untereinander. 
Andere Untersuchungen zeigen ebenfalls, dass die untersuchten Metrics die 
Effekte hydromorphologischer Degradation in Fließgewässern feststellen kön-
nen (Schmedtje 1995, Lorenz et al. 2004, Meier et al. 2006). Die Morphologie 
der Fließgewässer in der Hindu Kush-Himalaya Region wird durch den Men-
schen vielfältig verändert. Die neuen Metrics sind in der Lage die Effekte die-
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ser Beeinträchtigungen mit abnehmenden Werten zu erkennen. Da die Metrics 
untereinander korrelieren, sollte zur Bewertung nur einer der drei „Besten“ be-
nutzt werden. Der Metric Lotic sollte dahingehend getestet werden, ob er in 
der Lage ist, Stauungen von Fließgewässern und deren Einflüsse auf die Le-
bensgemeinschaft anzuzeigen. 
 Signifikante Substrat- und Strömungspräferenzen wurden durch die Entwick-
lung eines 20-Punkte-Systems genauer beschrieben.  
Die meisten Taxa erreichen die höchste Punktzahl für den Substrattyp „kleine 
Steine“ (6-20 cm). Bei drei Taxa verteilen sich die Punkte fast ausschließlich 
auf die Substrate „große Steine“ (20-40 cm) und „Blöcke/anstehender Fels“ 
(> 40 cm). Fünf Ephemeroptera Taxa kommen fast nur auf „kleinen Steinen“ 
vor. Die meisten Taxa zeigen deutliche Präferenzen für „moderate“ bis „deut-
liche“ Fließgeschwindigkeiten. 
Dass „kleine Steine“ als bevorzugter Lebensraum dient, hängt wahrscheinlich 
damit zusammen, dass dieser Substrattyp viele Eigenschaften aufweist, die er 
sich mit anderen Substraten teilt. Die Oberfläche „kleiner Steine“ ähnelt der 
von „großen Steinen“ und „Blöcken/anstehendem Fels“ und bietet wie diese 
Weidegängern von Moosen und Algen Lebensraum. Sand, Feinkies und 
Detritus wird in den strömungsberuhigten Bereichen zwischen den „kleinen 
Steinen“ abgelagert, welche als zusätzliche Lebensräume und Futterquellen 
dienen. Zudem ist das Interstitial als Rückzugsgebiet vor Katastrophen und 
ebenfalls als Lebensraum gut erreichbar (vgl. Beauger et al. 2006). Dement-
sprechend sollte eine nachhaltige Fließgewässerbewirtschaftung den Lebens-
raum „kleine Steine“ besonders berücksichtigen. Diejenigen Taxa, die nur auf 
wenigen Substrattypen auftraten, eignen sich gut als Bioindikatoren, da sie 
Veränderungen in ihrem Lebensraum nicht durch das Ausweichen in andere 
Substrate kompensieren können. 
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Entwicklung eines multimetrischen Bewertungssystems für die integrative Beurtei-
lung von Fließgewässerökosystemen der Hindu Kush-Himalaya Region basierend 
auf dem Makrozoobenthos 
 Eine Hauptkomponentenanalyse (PCA) wurde durchgeführt, um die wichtigs-
ten Umweltgradienten im Datensatz zu erkennen. Die Untersuchung wurde für 
die Tieflandgewässer und die Mittelgebirgsgewässer getrennt durchgeführt. 
Zudem erfolgte die Untersuchung jeweils für die Stressoren organische Ver-
schmutzung, Eutrophierung, hydromorphologische Degradation und Land-
nutzung getrennt. 
Die Ergebnisse zeigen, dass im Tiefland und im Mittelgebirge überwiegend 
die gleichen Umweltparameter die Variabilität am besten erklären. Wichtige 
Gradienten sind (1) für organische Belastung der biologische Sauerstoffbedarf 
und die Anzahl coliformer Bakterien, (2) für Eutrophierung die Konzentration 
von Ortho-Phosphat, (3) für hydromorphologische Degradation der Anteil an 
hölzerner Ufervegetation und der Anteil von Uferbefestigungen und (4) für die 
Landnutzung der Landuse Index (Hering et al. 2006b). 
 Insgesamt wurden für jede Probestelle 28 Metrics berechnet, die auf Korrela-
tionen mit den wichtigsten Umweltgradienten geprüft wurden. Metrics, die mit 
den Umweltgradienten korrelieren, wurden als Candidate Metrics für das wei-
tere Verfahren berücksichtigt. Der Spearman Rangkorrelationstest wurde an-
gewandt, um monoton steigende Verhältnisse aufzudecken, Box und Whisker 
Plots sollten zeigen, ob die Metrics gestresste von ungestressten Stellen 
unterscheiden können. Die Korrelationsuntersuchungen wurden für jeden der 
fünf Fließgewässertypen und für jeden der vier Stressoren separat durchge-
führt. Es wurden verschiedene Grenzwerte definiert, damit Metrics als Candi-
date Metrics eingestuft wurden. Zusätzlich sollten die Korrelation zwischen 
ausgewählten Candidate Metrics und Umweltparametern ökologisch begründ-
bar sein. Dann wurde geprüft, ob die so ausgewählten Candidate Metrics un-
tereinander korrelieren. Nach festgelegten Regeln erfolgte die Auswahl der 
am besten geeigneten Metrics. Zum Schluss wurden diejenigen Candidate 
Metrics zu Core Metrics gewählt, die unter Referenzbedingungen robuste, 
replizierbare Ergebnisse liefern (75% der standardisierten Metric Werte in 
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Referenzstellen > 0,5). Die so für jeden Fließgewässertyp ermittelten Core 
Metrics wurden für die Entwicklung des multimetrischen Index berücksichtigt. 
Der Mittelwert aus allen Core Metrics ergibt den multimetrischen Index an ei-
ner Probestelle. Es wurden vier Klassengrenzen für die Beurteilung des je-
weils errechneten Index definiert. Der Grenzwert für das Erreichen der Klasse 
„high“ ergibt sich aus den Mittelwerten aller 25% Perzentile der Core Metrics 
unter Referenzbedingungen. Die nachfolgenden Klassengrenzen werden 
gleichmäßig auf die nach Festlegung der Klassengrenze „high“ übrig geblie-
bene Spannweite verteilt. 
Für den Fließgewässertyp Himalayan Subtropical Pine Forest wurden die 
Metrics Anteil EPT2 Familien, Margalef Diversität, Evenness Diversität und 
ASPT3 als robuste Core Metrics ermittelt. Diese zeigen in diesen 
Fließgewässertyp hauptsächlich organische Verschmutzung und Eutrophie-
rung an. Sechs Core Metrics sind für den Fließgewässertyp Western Hima-
layan Broadleaf Forest ausgewählt worden. Die Metrics Anteil Plecoptera Fa-
milien, Anteil EPT Familien, Margalef Diversität, ASPT und Häufigkeit Baeti-
dae-Simuliidae-Hydropsychidae-Chironomidae sind geeignet, die Folgen von 
Eutrophierung, hydromorphologischer Degradation und Landnutzung im Ein-
zugsgebiet auf das Fließgewässer zu integrieren. Der Fließgewässertyp Eas-
tern Himalayan Broadleaf Forest besitzt ebenfalls sechs robuste Core Metrics, 
nämlich Anzahl Ephemeroptera Familien, Shannon-Wiener Diversität, ASPT, 
Häufigkeit Oligochaeta, Häufigkeit Chironomidae und Häufigkeit Lithophile 
Taxa. Diese Metrics integrieren die Auswirkungen aller untersuchten Stresso-
ren. Für den Fließgewässertyp Upper Gangetic Plains wurden Anteil Epheme-
                                            
 
 
 
2 EPT = Ephemeroptera, Plecoptera, Trichoptera Taxa 
3 ASPT = Average Score Per Taxon (Armitage et al. 1983); Es wurde der ASPT angewendet, der an 
die Fließgewässer Nepals angepasst war (Sharma & Moog 2005). 
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roptera Familien, Shannon-Wiener Diversität und BMWP4 als robuste Metrics 
ermittelt, welche hydromorphologische Degradation und Landnutzung im Ein-
zugsgebiet anzeigen. Nur ein robuster Core Metric (Anteil Oligochaeta) konnte 
für den Fließgewässertyp Lower Gangetic Plain ermittelt werden. Dieser zeigt 
organische Belastung an. Für diesen Typ wurden zusätzlich die Candidate 
Metrics Anteil EPT Familien und BMWP für die Bildung des multimetrischen 
Index berücksichtigt. 
Für alle fünf untersuchten Fließgewässertypen wurde ein multimetrischer In-
dex entwickelt. Die zur Verfügung stehenden Core Metrics werden weltweit in 
multimetrischen Bewertungsmethoden zur Bewertung von Fließgewässern 
genutzt (z.B. Barbour et al. 1999 (Nordamerika), Maxted et al. 2000 (Nord-
amerika), Sandin & Hering 2004 (Europa), Ollis et al. 2006 (Süd-Afrika), Bap-
tista et al. 2007 (Südamerika). Die Resultate stützen sich für den Himalayan 
Subtropical Pine Forest auf eine große Anzahl von Probestellen und sollten 
somit eine gesicherte Anwendung des multimetrischen Index garantieren. Für 
die Ökoregionen Eastern Himalayan Broadleaf Forest (34 Probestellen), Hi-
malayan Subtropical Pine Forest (17 Pobestellen) und Upper Gangetic Plains 
(18 Probestellen) ist der Datensatz relativ klein. Folglich könnten Zufallskorre-
lationen zwischen den Umweltparameter und den Metrics aufgetreten sein. 
Wie auch immer, die Auswahl der Core Metrics ist konsistent mit ökologischen 
Prinzipien, und die Metrics werden weltweit zur biologischen Überwachung 
von Fließgewässern genutzt. In Zukunft sollte die Effektivität der Core Metrics 
für die drei letztgenannten Fließgewässertypen durch zusätzliche Untersu-
chungen überprüft werden. Für den Fließgewässertyp Lower Gangetic Plain 
konnte nur ein robuster Core Metric ermittelt werden. Dies liegt wahrscheinlich 
an einem Mangel an Referenzstellen im Tiefland. 
                                            
 
 
 
4 BMWP = Biological Monitoring Working Party (Armitage et al. 1983); Es wurde der BMWP 
angewendet, der an die Fließgewässer Nepals angepasst war (Sharma & Moog 2005). 
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 Es wurde getestet, ob sich die Metric Werte zwischen der Post-Monsun und 
Prä-Monsun Saison signifikant unterscheiden, oder ob eine Besammlung 
theoretisch über die gesamte Trockenperiode möglich ist. Als Signifikanztest 
wurde der Mann-Whitney U-Test verwendet. Für die Untersuchung wurden 
nur Metric Werte von Referenzstellen berücksichtigt, um eine Beeinflussung 
der Werte durch anthropogene Einflüsse auszuschließen. 
Von den 22 untersuchten Metrics zeigen nur zwei signifikante Unterschiede 
zwischen den Post-Monsun und den Prä-Monsun Werten. 
Brewin et al. (2000) untersuchte in Nepal die saisonalen Einflüsse des Mon-
suns auf die Häufigkeit des Makrozoobenthos. Seine Ergebnisse an Flüssen 
(500-2500 m) zeigen ebenfalls, dass sich die Häufigkeiten des Makrozoo-
benthos in ungestörten Fließgewässerabschnitten nicht ändern während der 
Trockenperiode. In der vorliegenden Arbeit gibt es zwei Ausnahmen, die 
Metrics Anteil an EPT Individuen und Häufigkeit Baetidae-Simuliidae-
Hydropsychidae-Chironomidae schwanken signifikant im Fließgewässertyp 
Western Himalayan Broadleaf Forest. Bei genauer Betrachtung erkennt man 
aber für den Metric Anteil an EPT Individuen, dass sich die Interquartil Be-
reiche der Box und Whisker Plots für die Post- und Prä-Monsun Werte trotz-
dem stark überlappen; die Anteile also vergleichbar sind in den beiden Mon-
sun Zeiten. Die erhöhten Werte des Metrics Häufigkeit Baetidae-Simuliidae-
Hydropsychidae-Chironomidae in der Post-Monsun Phase kann durch 
schnelle Entwicklungsraten bedingt sein, die zu mehr als nur einer Generation 
innerhalb einer Trockenperiode führt. 
 
Die vorliegende Arbeit leistet einen kleinen Beitrag auf den Weg zu einer nach-
haltigen Bewirtschaftung der Fließgewässer in der Hindu Kush-Himalaya Region. 
Einerseits sind Substrat- und Strömungspräferenzen für einige Makrozoobenthos 
Taxa beschrieben, die für die Bewertung von Fließgewässern genutzt werden kön-
nen, anderseits wurde ein multimetrisches Bewertungssystem entwickelt, welches 
eine integrative Bewertung der Fließgewässerökosysteme ermöglicht.  
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